
AD-RI94 226 EYALUATION OF CETANE INDICES FOR NADINE FUELS(U) t/I
GEO-CENTER LNC NEWTONCENTRE MA S G PANDE NOY 87

UCSSIFIED GC-TR- 6 U628 -1 N@6G14 86-C-2288 F/G 1/~4 N

I fLffffffffffffl
IlfllllllffffffEEEEEEEEE



1I

U,

I.

.d

"p

q



0-

((Z0

~DTI
-:NT

at A

-, V, - Vi A zq A -*

rV-, -J' Ar 'r . ,. (3 ' C

- -- ~ *>17:-~=b 4TCA

RM7V 'C .- ot & Z- "r - '1- 24e%~~ iamcL oculi d! i



,X

"

C6C

," GC-]R-86-6 It22-1

EVALUATION OF CETANE INDICES

FOR MARINE FUELS

PREPARED FOR

tNAVAL RESEARCH LABORATORY

4555 OVERLOOK DRIVE, S-W.

WASHINGTON, D.C. 20375-5000

UNDER CONTRACT N0014-86-C-2288

PREPARED BYTIC

6 LC-CETS, EIC. f I .ER TSO
7 WELLS AvEr UE . C0 E

NEWTON CENTRE, NA 02159

K 0
*" 4' OVEMBER 19 7. .

DUh: "r w GEO-CENTERS, INC.

Appvvv1d fo pbcmasuw
DbrtbutionuinUngmtod r



LNCA SIFIED
SECURITY CLASSiCAl ION OF THIS PAGE

REPORT DOCUMENTATION PAGE
la REPORT SECURITY CLASSIFICATION Ib RESTRICTIVE MARKINGS

UNC ASSIFIED
61 2a SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION /AVAILABILITY OF REPORT

Approved for public release. Distribution
2b DECLASSIFICATION/DOWNGRADING SCHEDULE unlimited.

4 PERFORMING ORGANIZATION REPORT NUMBER(S) 5 MONITORING ORGANIZATION REPORT NUMBER(S)

GC-TR-86--1628-1

6a NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 7a NAME OF MONITORING ORGANIZATION
(If applicable)

GL'O-CN~'R, INC. I
6c ADDRESS (Cty, State, and ZIPCode) 7b. ADDRESS(City. State, and ZIP Code)

7 Vklls Avenue
Newton Centre, MA\ 02159

ia NAME O FUNDINGiSPONSORING 8b OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORCGIAYZA / (>T.( (if applicable)

Naval IResearch Laboratory Code 6180
3c ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS

4555 Over -ooik Avevnue, S. '. PROGRAM PROJECT TASK WORK UNIT

Washington, DC 20375-5000 ELEMENT NO NO NO ACCESSION NO.

62760N - - 61-0079
E. TITLE (include Security Classifcation)

V .AiIOXPON OP CETAN- INDICES FOR ',MINE FU=S (U)

'2 PSO ;.,L AJTHOn/S) Pande, Seetar G.

3a E 02 ' 1LO 3D TECOVERED 14a DATE OF REPORT (Year, Month, Day) 115 PAGE COUNT

Prcxress Io 4/B7-- TO November 1987 78
" DDU~-^,v 1.OTAY1T '

Proress report on one phase of NTRL Contract No. N00014-86-C-2288

"7 CDSAT, CODES 18 SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
O 36-GRo, Evcaluation, published cetane incices, trial correlations,

fuel physical properties, co7.-)sitional analysis,- cor.7rcial rmarine-fuels, cetane numlars, evaluation method

9 T (nC tfiuo on ri,or5,', i 'fCe /S a )d dentify by block nurnber) "
In tlhis stu,.' 14 ane indices weore evaluated witf respect to their correlations

S w.th ct anc nmrxr ,t of te evaluations were terfonmud on a 28 fuel set taken from a
x . -j.. , 'o co:--cial m-'-rine fuels obtained in 13 different countries. Cetane

a : '1-1 fromI 41-57. Of the 14 cetane indices, 9 were published
*':,.. . [. '',', "" ,,'-p '., in cor-relations.

.... n " ci uc 1. AS.-, D976-80, Inqhrmi et a]. 's 1roposed equation
r) , .!)'I TY:''t o 3 ), -U (thl'- distillaticn t or-eratures/den.itv c-uction), Incham et

,. ' I nt 'iut, tn, t i. can ,-din General Standards Board ceotne jnd' x, the
3 I )i Il " ; , I' Iti" .it ian, t-c I. t-vl Cor). eauation, the S ,1 cetane index for fuels

i, ,I'' ,'-'Y t+ ' , ,] s the2 Djesel Index and ASTh D976-66 for coq)arison
%- 'a' ';. ' ',. 1 ','. inlic-,m included 4 correlations based on established para-

_;', I a"-! ' i. .;,d o) efractive index and densi.ty.

1) ' 
I  

AV,.! A; II T Y O, P4 , T 21 ABSTRACT SECURITY CLASSIFICATION
, ,, -)TI( SERS INCI1ASSTFJI)

C; ' ) ;, ?2b TELEPHONE (Include Ari Code) 22. Oki CE SYMBOL
' [f1-b' 'v ' . 1 i' l r't '. 202-7 1- 559

DO FORM 14 73], p: ",..-Aq ,, * -,, maf <.' ,' untI exhiuSt SECuRITY CLASSIFICATION OF THIS PAGE

OU S G..,,,n. P-.t-q 01".- 1985--"07047

% 'I I %

%.



UNCLASSIFIED
O SECURITY CLASSIFICATEONOF THIS PAGE

18. (Cont.) predictability, regression analyses.

19. (Cont.)

Evaluations were based on regression analyses of cetane number vs cetane index as we
*' as on the predictability of the cetane indices as defined by arbitrary criteria imposed o

the results., Relatively good correlations with cetane number were observed for Tost of
the cetane iudices that were based on distillation temperature(s) and density (R . 0.8)

The lowest correlation with cetane numbe was exhibited by a trial cetane index that was
based on refractive index and density (R = 0.45, for 26 of the 28 fuel set).

ASTM D976-80 exhibited the lowest % overprediction but exhibited a tendency to under-
predict on these fuels. Furthermore, none of the cetane indices appear to exhibit
significant improvement over ASTM D976-80. However, the most promising of the published
cetane indices was lngham's proposed equation for replacement of D976-80; nevertheless, it
exhibited a tendency to overpredict on these fuels. Of the trial correlations, the most

promising was the modified ASTM D976-80 cetane index. This equation employs the same
formulation as D976-80 but differs from it, in that its mid-distillation temperature

term is the avrage of 10, 50, and 90% distillation temperatures.

.

Aco ssion For

NTIS GRA&I
* DIC TAB [

Unannounced 0
'- ' Just ifloatlio ,

,S.-
......, .

D istributloo/

K"vallablilty Codes
Avail and/or

AOlst Speoial

j;;~ .. ; I j I ]J J

SI A ; A ( T
4%%

'-N4, N



CONTENTS

Section Page

1.0 INTRODUCTION ...................................... 1

2.0 EXPERIMENTAL ................ ...................... 3

2.1 Fuels ........................................... 3

2.1.1 Classification .............................. 3

2.1.2 Properties .................................. 3

2.1.3 Composition. ................................ 4

2.1.4 Fuel Sets Employed .......................... 6

2.2 Cetane Indices .................................. 7

2.2.1 Selected Published Cetane Indices .............. 7

2.2.2 Trial Correlations .......................... 9

2.2.2.1 Based on Established Parameters ............ 9

2.2.2.2 Based on Simple Measurements ............ 10

S.- 3.0 RESULTS AND DISCUSSION .................................. 11

3.1 Determination of Published and Trial Cetane
Indices Based on Established Parameters ........... 11

3.2 Determination of the Reproducibility of SwRI
Cetane Index .................................... 11

I
3.2 Development of a Cetane Index Based on Simple

-Measurements ..................................... 12

iii N
[- ,.,GEOCENTERS, INC.

Ji ~ ~ ~..



it Sect ion Pace

3.4 Evaluation of Cetane Indices .................... 13

3.4.1 Evaluation Based on Predictability ............ 13

3.4.1.1 Determination of Predictability ........... 13

3.4.1.2 Predictability of Cetane Indices
Examined ................................ 15

3.4.2 Evaluation Based on Regression Analyses
of Cetane Number Vs Cetane Index ............... 19

3.4.3 Evaluation Based on the Combination of
* Predictability and Regression Analyses ...... 22

.4-. 4 ." 0 CONCLU S T T . .. . . . .. . . . .. . . . .. . . . 25

5. 0 RECO ..... ONS....... .................................... 28

REFEREN"CES ........................................ 29

3 TABLES 1-12 ....................................... 32-57

% FIGURES 1-7 ....................................... 58-6."

APPENDICES A-E .......... ................................. 65-73

,: iv

GEO-CENTERS, INC.



%

LIST OF TABLES

Table Pace

1 Description of Worldwide Survey I Commercial

Marine Fuels ........................................ 32

2 Characterisation of Worldwide Survey I Marine Fuels:

A: API Gravity, Density, and Distillation

Temperatures Data ................................ 33

B: Aniline Point, Hydrogen Content, Viscosity,

and Refractive Index Data. ....................... 34

* C: Compositional Analysis ............................ 35

D: Proton NMR Analysis .............................. 36

" 3 Determination of Cetane Indices:

A: Published Cetane Indices That Are Based on

Density and Distillation Temperatures .............. 37

B: Three Trial Cetane Indices That Are Based on

Density and Distillation Temperatures ............ 38

, C: Cetane Indices That are Based on Various Types

of Established Parameters ........................ 39

4 4 Evaluation of the Reproducibility of the SwRI

Cetane Inde x ........................................ 40

Regressicn Analysis of Parameter(s) Vs Cetane

N -er For Refractive Index/Density And Various

* Functions of These Parameters ............................ 41

GEO-CENTERS, INC.

I%
'U - U ' 5"-- * - * - . UU* ~



4.

TLIST OF TABLES (CONT'D)
Table Pg

" . 6 Numerical Differences Between Cetane Index and

Cetane Number:

A: For Published Cetane Indices That Are Based

on Density and Distillation Temperatures ......... 43

B: For Three Trial Cetane Indices That Are Based

" 7 on Density and Distillation Temperatures ......... 44

C: For Cetane Indices That Are Based on Various

Types of Established Parameters .................... 45

7 Evaluation of a Trial Cetane Index Based on

'.. . Refractive Index and Density....................... 46

3 Determination of the Frequency of Predictability

of Cetane Indices:

A: Published Cetane Indices That Are Based on

Density and Distillation Temperatures .............. 47

.. B: Three Trial Cetane Indices That Are Based on

Densitv and Distillation Temperatures ............ A

C: Cetane Indices That Are Based on Various

Tvoes of Parameters ............................... 49

__i Dermination of the % Predictability of Cetane Indices:

: 'Published Cetane Indices That Are Based on

Dens:ty and Distillation Temperatures ............ 50

V I

GEO-CENTERS, INC.

0e %

5 % M5



LIST OF TABLES (CONT'D)

Ta b 1 e Page

9 B: Three Trial Cetane Indices That Are Based on

Density and Distillation Temperatures .............. 51

C: Cetane Indices That Are Based on Various Types

of Parameters .................................... 52

10 Measure of Predictability of Various Cetane

Indices ........................................... 53

* 11 Regression Analyses of Cetane Number Vs Cetane

- Index For Various Cetane Indices ...................... 55

12 Cetane index Vs Cetane Number: Regression

Analvsis and Measure of Predictability. .............. 57

ii GEO- CEN TERS, INC.

i*A*.P*-*.*.* ' ' . . . . . ~~-.. -.... ** * ..*~.'-.



LIST OF FIGURES

F icaure Page

1 Predictability of Modified ASTM D976-00 ............. 58

2 Predictability of Ingham's Cetane Index ............. 59

3 Predictabilitv of ASTM D976-30 ...................... 60

4 PI

4 Predictability of CGSB Cetane Index .................... 61

5 Predictability of SWRI Cetane Index.................... 62

" 6 Cetane Number Vs Aniline Point ...................... 63

7 Cetane Number Vs Refractive Index ....................... 64

h.J,

L"

>if
.E

vi iGEO-CENTERS, INC.

1-. , - W
JAK Jw*. ~ .*J



LIST OF APPENDICES

Annendix Page

A List of Symbols .................................. 65

B Cetane Indices Formulations ...................... 66

C Proton NMIR Chemical Shift Assignment................ 71

1D Met od of Converting Fraction of Total

Carbon to % Based on Weight ...................... 72

D2 Compositional Analysis: Differences Between

Measured and Calculated Values For Various

r Class Compounds .................................. 73

E Determination of the Reproducibility of the

S-.*;R: Cetane Index ................................ 76

, I

If, N
"."ix GEO- CENTFERiS, INC.

-j,-~4 -

p, ~ '4 V~-, ~ ~ - ~-* g.~



w, -"i . '1

i' z

1.0 INTRODUCTION

The determination of cetane number is important in

characterizing the ignition quality of diesel fuels. As

stipulated by Military Specification, MIL-F-1G384H, cetane

number is determined via an engine test method, ASTM D 613

i[l. An approved alternative method, ASTM D 976 [21

involves a predictive equation of cetane number known as the

calculated cetane index. This is based on the mid-boiling

point and density of the fuel. For purposes of convenience,

many refineries rely solely on the D976 method. However,

because of problems such as biases [31 and inherent

limitations that are associated with both the old [2a' and

revised D976 equations [2b], there is need for a cetane

index (predictive equation) which gives better correlation

between cetane number and cetane index.

Based on a review of the literature [41, 9 published

cetane indices were selected for evaluation with respect to

thei correlations with cetane number. Selection of the

indices was based on the merits of their accuracy in

P dicting the cetane number of the fuel as well as on their

siplicity. The historic Diesel Index, which was formulated

in 1934 [51, and the old calculated cetane index, D976-36

" ' ,were also included among the 9 cetane indices fcr

co.parison purposes. Possible development of neW

ccrrelations based on established parameters as well as on
"' "

. measurements such as refractive index and density: was

GEO-CENTERS, INC.
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The fuel set for evaluations of the various cetane indices

comprised 33 commercial marine fuels from 13 countries and

were obtained from a U.S. Navy worldwide survey conducted in

1933. However, this entire set of fuels was not used in the

evaluations because of incomplete data for four fuels.

Thus, evaluations of most of the cetane indices were

limited to a maximum of 29 fuels.

In a preliminary investigation to determine the

correlation of various refractive index/density trial

expressions with cetane number, the fuel set involved 26 of
the 29 previously mentioned fuel set. However, in the

subsequent evaluation of a selected refractive index/density

trial cetane index, a maximum of 27 fuels was employed.

'3-.

2 GEO-CENTERS, INC.



" 2.0 EXPERIMENTAL

2.1 Fuels

* 2.1.1 Classification

p. Based on the classification and composition given by the

suppliers, the 33 commercial marine fuels comprised the
following [6):

a) 19 marine gas oils (100% distillate products).
b) 8 heavy marine gas oils ( approximately 100%

5 ,

distillates but may contain up to 0.5 volume %

residual contamination).

c) 6 marine diesel fuels (mid-distillates typically

containing less than 10 volume % residuum).

Note, although some of the fuels were found to be mis-

classified, they were not re-classified after analysis [6].

2.1.2 Properties

A detailed description of the fuels including a list of

their physical and chemical properties has been documented

by Burnett et al. [63. Nevertheless, for convenience

purposes, a brief description of the fuels is given in

Table 1; The properties employed in the determination of

the various cetane indices and their measured values for the

resoective fuels are listed in Tables 2A, and 2B. Much of

the data listed in Tables 1, 2A, and 2B were taken fro- the

* ~paper by Burnett et al. [63.

IV
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, -Exceptions include the distillation temperatures data,

which were obtained, in deg F, via private communication

from Sun Refining and Marketing Co., Pennsylvania (see Table

2A) This Company had performed all the analyses listed in

Burnett et al.'s paper (6]. Conversion of the distillation

temneratures data from deg F to deg C were made at the Naval

Research Laboratory (NRL) ; likewise, the conversion of API

grav-4t measurements to density. The latter conversion was

performed using the formula given in ASTM D287 [7] (see

Appendix B1.1.1, No.lb). The refractive index data,

included in Table 2B, are recent measurements and were made

by Geo-Centers Inc., at the Naval Research Laboratory (see

Section 2.2.2.2).

Additional aniline point data (see Table 2B) were also

octained for six fuels from the National Institute for

Petroleum and Energy Research (NIPER, Oklahoma). Four of

the six fuels were first-time determinations. Their aniline

points had not been determined by Sun Refining and Marketing

Co., possibly because they were classified as marine diesel

fuels. The remaining two fuels were repeats of those

deter termned by the Sun Co., for comparison purposes. Aniline

point data for the repeat fuels by NIPER were in agreement

"'t Sun Company's data within 1-2 deg F.

2.1.3 Conrosition

C=*csitional analysis of the fuels, according to class

s -- u"re is shown in Table 2C. The classes of commounds

sanerz .-d include saturates, monocyclic and dicyclic
aro2-itc, fluorenes, and phenanthrenes. Analysis was

4N
- o

GEO- CENTERS, INC.
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performed by Dorn et al. at the Virginia Polytechnic

Institute, Blacksburg, VA., using liquid

chromatography/proton nuclear magnetic resonance

spectrometry average composition analysis [8].

The data, which were obtained as fractions of total

carbon of a specific compound class were converted to weight

, by Geo-Centers Inc., at the Naval Research Laboratory (see

Appendix D1 for conversion method). It is this converted

"-data, i.e., in wt % that is shown in Table 2C. However, as

shown in Appendix D2, the small differences between the

" ~measured % of total carbon and the calculated weight % for
" 5. the 29 fuels examined suggest that the conversion to weight

percent may not be necessary.

Co-positional analysis, according to proton type, is shown

in Table 2D and is based on proton NMR analysis. The %

proton type is relative to the total number of protons.

Analysis was performed at Southwest Research Institute

(SwRI) using a JEOL FX 90Q Fourier Transform NMR

spectrometer. The various types of assigned protons and

their chemical shifts, which are listed in Appendix C, were

tak:en from th'e paper by Bailey et al. [91.

Reproducibility of the NMR integrations usng SwR's FIDs

(Free Induction Decay) was examined by Geo-Centers Inc., at

the Naval Research Laboratory (NRL) . Each integration was

perfored in triplic-ae and the avera e values for the
var'ous ty-pes of assigned protons were used in the

calculation of the SwRi cetane index for each fuel (see

Appendiix E)

GEO-CENTERS, INC.
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* ., 2.1.4 Fuel Sets Emoloved

Except for the refractive index/density correlation

determinations with cetane number, the fuel set for all the

-4cetane indices evaluated, comprised a maximum of 29 fuels.
This maximum was employed because the data for determination

of the various cetane indices were complete for only these
. fuels.

However, subsequent evaluations of the cetane indices with

respect to their correlations with cetane number were

performed on a 28 fuel set and to a limited extent, on the

29 fuel set. The 28 set included the same fuels as the 29

except for fuel, 83-10. This fuel was excluded because all

the cetane indices of this fuel were found to be

significantly and consistently lower than its cetane number.

Possible explanations for the consistently low.er cetane

indices for this fuel relative to its cetane number include

either the presence of an ignition improver, or an error in

" :i the determination of its cetane number, or both. Note, to
compare the predictability of the various cetane indices,

I relative to each other, fuel sets containing the same fuels

..;ere used in the evaluations.

- In a preliminary investigation to determine the
correlation of various refractive index/density trial

:Pre= sns with cetane number, the fuel set comnrised 26 of

the 2S fuels mentioned previously. The 8 fuel set,

referred to earlier, was decreased further because the

refractive indices of 2 of these fuels could not be

* U-

"6 GEO-CENTERS, INC.
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k. accurately determined owing to their dark color. However,

in the subsequent evaluation of a selected refractive

index/density trial cetane index, a maximum of 27 fuels, 83-

10 included, was employed.

2.2 Cetane Indices

The indices that were evaluated included selected

published cetane indices (see Section 2.2.1) and trial

correlations (see Section 2.2.2). The trial correlations

comprised those based on established parameters (see Section

2.2.2.1) as well as those based on simple measurements (see

Section 2.2.2.2). Lotus 1-2-3 was employed in the

determination of the published cetane indices, as well as in

the development of new cetane indices, and in the evaluation
of all the cetane indices including regression analyses of

cetane number vs cetane index.

r.

2.2.1 Selected Published Cetane Indices

p! Those evaluated are listed below along with the parameters

employed in their determinations. (See Appendix A for a

list of symbols pertaining to these parameters as well as

for the A'T. methods employed in the determination of these

parameters; also, see Appendix B for the actual equations).

1. Calculated Cetane Index

a. ASTh D 976-66: Mid-boiling point (deg F) and API

Gravity (deg API) [2aj.

t%".7 GEO-CENTERS, INC
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b. ASTM D 976-80: Mid-boiling point (deg C) and

density (at 15 deg C, g/mL) ; or same as (a) above

[2b].

_Ila 2. Ingham et al.'s Four Variable Equation: 10, 50, and

90% distillation temperatures (deg C) and density (at

15 deg C, g/mL) [10].

3. Improvement Equations of ASTM D976-80: Same

parameters as ASTM D 976-80.

a. Collins and Unzelman Equation [3].

b. Ethyl Equation [Il].

4. Canadian General Standards Board (CGSB) Cetane Index:

10, 50, and 90% distillation temperatures (deg C),

density (at 15 deg C, g/mL), aniline point (deg C),

and viscosity (at 40 deg C, cSt) [12].

5. Ingham et al.'s Aniline Point Equation: Aniline

.. €, ,i Point (deg C) [10].

6. Diesel Index: Aniline Point (deg F) and API Gravity

(deg API) [5].

." 7. Southwest Research Institute (SwRI) Cetane Index:

spec4i ic types of protons, wt % hydrogen content, and

," density (g/:7L) r9].

S8

S.

"
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2.2.2 Trial Correlations

2.2.2.1 Based on Established Parameters

Four such cetane indices were examined. These are as

follows:

1. A trial cetane index based on aniline point (see Appendix

B1.3.2)

2. Three trial cetane indices based on mid-boiling point and

density. These include:

a) Two new correlations (see Appendix B1.1.2) obtained

*by regression analysis of cetane number vs:

(i) the mid-boiling point and density parameters

(ii) the average mid-boiling point* and density

parameters

b) The third trial correlation was a modified form of

AST: D976-80 in which the same D976-80 equation was

employed but where the mid-boiling point term was the

, average mid-boiling point*. This trial cetane index

is subsequently referred to as the modified ASTM

D976-80.

* Noze: the average mid-boiling point refers to the average

diStiLla-ion temperature in deg C of the 10, 50 and 900.

recovered distillate.

9 GEO- CENTERS, INC.
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p! >
% 2.2.2.2 Based on Simple Measurements

Cetane Indices based on refractive index and density were

also examined. Refractive index was measured using an Abbe

Refractometer, model 10450. An external water circulating
k%

bath was used to minimise temperature fluctuations.

Measurements were made at 25.1 deg C, although fluctuations

0. "to 25.2 deg C were noted. Refractive indices for the fuels

measured are included in Table 2B. As indicated in Table

2B, five of the 33 fuels were dark. Consequently, their

refractive indices could not be measured accurately.

..

Es.
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3.0 RESULTS AND DISCUSSION

3.1 Determination of Published and Trial Cetane Indices

Based on Established Parameters

Results of the determination of the various cetane indices

are given in Tables 3A - 3C. Specifically, Table 3A lists

the results of 5 published cetane indices that are based on

distillation temperatures and density only. Table 3B lists

the results of three trial correlation indices, which are

based on similar parameters; the results of ASTM D976-80 are

also included in Table 3B for comparison purposes. Table

. . 3C lists the results of four published cetane indices and 1

trial cetane index, which are based on other conventional

parameters. These include API gravity, aniline point,

viscosity, and structural composition. Note, in these

Tables, cetane indices for the last 4 fuels listed were

often not determined because of incomplete data. Subsequent
evaluation of the results is given in Section 3.4.

3.2 Determination of the Reproducibility of SwRI Cetane

A Index

-" The Southwest Research Institute (SwRI) cetane index

determinations, shown in Table 3C, are based on

compositional analysis performed at SwRI, using proton NMR

snectrometrv. Using SwRI's FID (Free Induction Decay) data,

reproducibility of the NMR integrations performed at SwRI

was examined at NRL for all 33 fuels.

.C IC

.%

11 "GEO- CEN TERS, INC.
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The results (see Table 4) , indicate that for the same FID,

the numerical differences in cetane indices based on

integrations performed at SwR I and at NRL were within the

range of 0.1-1.0 in most cases. Differences of approx. 2.0

were observed in only 2 cases. Also, standard deviation of

the differences for the 33 fuels was +/- 0.5. This is well

within the reproducibility limits allowed by ASTM D613 for

cetane number. (Reproduciblity limits allowed are 2.5 to

3.3 for cetane numbers 40 to 56 respectively). Furthermore,

results of a regression analysis indicated the

reproducibility between the two integration sets was very

.7 good (R2  = 0.992).

- " 3.3 Development of a Cetane Index Based on Simple

Measurements

In the development of a cetane index based on simple

measurements such as refractive index and density,

regression analyses were performed on these parameters using

a 26 fuel set (see Section 2.1.4). The various parameters

examined included refractive index, density, a combination
" - of both refractive index and density, as well as, 17 other

combinations involving various functions of refractive index

and density.

The results showed limited promise: Of the various

oarameters and functions of these parameters investigated,

.th- best was one involving: D2 , RI 2, and RI/D (see Table 5).
'..'ever, its correlation coefficient was somewhat low (R 2 :

0.44- . For a perfect correlation, R2  1. Also, the

V. 12
GEO-CENTERS, INC.
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errors of their coefficients (i.e., the errors of the slopes

of the D 2 , RI 2 , and RI/D terms in the multiple linear

regression equation) were rather high +/- 35%. Its standard

error of Y estimate = 3.1 was also somewhat high (this

parameter refers to the error in estimating the cetane

number) . Nevertheless, this trial cetane index (see

Appendix B1.5 for its formulation) was employed in

evaluating predictability of cetane number.

3.4 Evaluation of Cetane Indices

Evaluation of the various cetane indices was based on the

following two methods:

1. The ability to predict the cetane number of fuels.

2. Regression analysis of cetane number versus cetane

index.

3.4.1 Evaluation Based on Predictability

3.4.1.1 Determination of Predictability

The following procedure was employed in the determination

of the predictability of each cetane index:

1. The numerical difference between cetane index and
r" octae 'ne nu- .er a c l-  -

,n nuDber for each fuel was first calculated.

This difference, i.e., cetane index - cetane number-

GEO- CENTERS, INC.
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. ?. is defined as the predictive range. The results are

given in Tables 6A, 6B, and 6C for cetane indices

that are based on established parameters, and in

Table 7 for the best trial cetane index based on

refractive index and density.

2. To qualitatively assess the results, the following

arbitrary criteria were adopted:

a) Cetane indices which differed from their

respective cetane numbers within a predictive

range of +/-(0 to 2.0) were designated as being

predictive of cetane number.

b) Cetane indices which were lower than their

respective cetane numbers within a predictive

range of -(2.1 to >5.0) were designated as being

underpredictive of cetane number.

c) Cetane indices which were higher than their

respective cetane nunbers within a predictive

range of +(2.1 to >5.0) were designated as being

" overpredictive of cetane number.

3. Based on the criteria given in 2. above, the data for

a 28 fuel set (see Section 2.1.4) were then evaluated

quzanz4itatively as follow:s:

a) The frequency of predictions, underpredictions,

and overpredictions was determined for specfic

predictive ranges (see Tables 8A, 8B, and 8C).

a'.r
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b) % Predictabi lity for the specific predictive

rangos were also determined (see Tables 9A, 9B,

and 9C)

3.4.1.2 Predictability of Cetane Indices Examined

The total % predictions, overpredictions, and

underpredictions for the various cetane indices are

summarized in Table 10. In this Table, 13 cetane indices

were ranked in order of best to worse primarily, on the %

pdcions and secondarily, on the % overpredictions. This

approach was adopted for two reasons:

~.1
1) In evaluating the predictability of the various

cetane indices, it is obvious that a high frequency

.'of redictions is desirable.

2) Overoredictions will pose a problem to the consumer,

but underpredictions will not.

N;ote: The refractive index/density trial cetane index,

placed at the end of the list, was not ranked in these

eluati.ons because the number of fuels eoployed in its

evaluation was 2 less than was employed for the other cetane

*rin ices.

Beruse of the relatively small number of fuels employed

in t'e fuel set, the cetane indices were not subsequently

-. .-. aassesse as being: goad, fair, or poor predictors, of cetane

%%
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:%. number. Instead, the cetane indices were evaluated on their

performance relative to the following:

a) ASTM D976-80 (this may be regarded as the reference

cetane index.

b) Ingham et al.'s four variable equation which has been

Pproposed as a replacement for D976-80 (i.e., their 3
A'

distillation temperatures/density cetane index).

c) Each other.

Thus, based on the criteria imposed on the results (see

Section 3.4.1.1, Nos.l and 2) and for this limited set of 28

fuels, the following were observed:

1. The best predictability was exhibited by the modified

ASTM D976-00, a trial cetane index (see *NTB below)

However, its % overpredict ions was slightly higher

than that of ASTM D976-80. Its predictive

performance include 79% predictions, 7% over-

predictions, and 14% underpredictions. The results

for specific predictive ranges are also shown

P. graphically in Figure 1.

*NS: In this trial cetane index, the

formulation of ASTI D976-80 was unchanged, but

K, the 50'- distillation temperature was replaced by

the average of the 10, 50, and 90% distillation

-temperatures.

E6
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2. The other two trial cetane indices that were based

either on density and mid-boiling point or, on

density and the average mid-boiling point (average of

10, 50, and 90%) were not improvements of ASTM D976-

-. ' 80 owing to their higher % overpredictions. However,

-* their predictive performance was similar to each

other as well as to Ingham et al.'s proposed equation

for replacement of D976-80 (i.e., their four variable

-. equation: 3 distillation temperatures/density cetane

-" index).

3. The predictive performance of Ingham et al.'s four
variable equation, which was proposed as a

replacement for D976-80, was similar to ASTM D976-80

in their % predictions. However, Ingham et al.'s

proposed equation differed from AST14 D976-80 in that

their equation exhibited a higher % of

overpredictions, whereas ASTM D976-80 exhibited a

higher % of underpredictions (cf, Figures 2 and 3).

Consequently, in spite of its greater complexity (see

Appendix B1.1.1, No.2), Ingham et al.'s four variable

.. equation does not appear to offer significant

improvement over ASTM D976-80 for the set of fuels

examined in this work.

. 4. ASTM D976-80 had the lowest % overpredictions of the

cetane indices evaluated (approx. 4%). However, it

6 exhibited a tendency to underpredict on these fuels
(approx. 30%).

MC
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5 The predictability of Ingham et al.'s aniline point

cetane index was similar to their distillation

temperatures/density cetane index as well as to a

trial cetane index based on aniline point only.

Consequently, relative to the trial cetane index

. 'based on aniline point, in this .limited fuel set, the

use of normalization in Ingham's aniline point

equation (see Appendix BI.3.1) did not appear to be

significantly advantageous with respect to increasing

the % predictions and decreasing the % over-

" ~*predictions.

6. Collins and Unzelman, and the Ethyl Corp. Equations,

which were formulated as improvements of D976-80

were not found to be improvements. Furthermore, the

Ethyl equation exhibited a tendency to overpredict on

these fuels (approx. 32%); whereas, Collins and

Unzelman equation exhibited similar tendencies to

i °both overpredict and underpredict on these fuels.

%. 7. The Canadian General Standards Board (CGSB) cetane

. index was not an improvement over ASTM D976-80, in

spite of its greater complexity (see Appendix B1.2)

Furthermore, it exhibited a similar tendency of D976-

80 to underpredict on these fuels. Its performance

for specific predictive ranges are shown graphically

in Figure 4.
E

i1 8. Cetane indices which performed worse than ASTM D976-

80 from the viewpoint of overpredictions (see

.J
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arbitrary criteria given in Section 3.4.1.1, Nos. 1

and 2) are as follows:

a) The diesel index, which is based on API gravity

and aniline point.

b) The SwRI cetane index, which is based on proton

NMR compositional analysis, density, and wt %

hydrogen. Its performance for specific

predictive ranges are shown graphically in

Figure 5.

c) The ASTH D976-66, which is based on API gravity

and mid-boiling point.

9. Based on a 26 fuel set, the trial refractive

index/density cetane index exhibited a tendency to

both underpredict and overpredict on these fuels

3.4.2 Evaluation Based on Regression Analyses of Cetane

Number Vs Cetane Index

Regression analyses of cetane number vs cetane index was

performed to determine the goodness of fit of the various
Sean indices. Since R = 1 represents a perfect

ccrre'ition between cetane number and cetane index, R2

values which approach 1 would be desirable.

As described in Section 2.1.4, regression analyses were

performed on fuel sets containing 28 and 29 fuels for all

19
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*1 the cetane indices evaluated except for the trial cetane

index based on refractive index/density for which the fuel

sets were 26 and 27 fuels. The results, shown in Table 11,

are ranked in the order of best to worse except for the

trial cetane index based on refractive index/density, which

was not ranked as explained earlier (see Section 3.4.1.2).

Some general observations are as follows:

1. Ingham's proposed equation for replacement of ASTM

D976-80 ranked the highest among the correlations of

cetane index with cetane number (R2 = 0.817 for a 28

fuel set). However, its R2 value was not much higher

than many of the cetane indices that are also based

on distillation temperature(s) and density.

2. Cetane indices based only on distillation

temperature(s) and density, which showed similarly

good correlations with cetane number as Ingham's

proposed replacement equation include both ASTM D976-

80 and the modified ASTM D976-80 (trial cetane index:

see Section 2.2.2.1, No.2b) as well as the

improvement equations of D976-80 (Collins and

Unzelman equation, and the Ethyl equation). Their R2

values were approx. 0.80.

3. Other cetane indices based also on distillation

temperature(s) and density whose correlations with

cetane number were slightly less than those mentioned

in 2. above include ASTM D976-66 and tw.o trial cetane

indices (R2  = approx. 0.78). However, their

differences do not appear to be significant.

20
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, 4. The correlation of CGSB cetane index, which is based

on 10, 50, and 90% distillation temperatures,

density, aniline point and viscosity, was similar to

many of the cetane indices that are based only on

distillation temperatures and density.

5. The correlations of cetane indices based on

distillation temperature(s) and density, with cetane

numnber, were better than corresponding correlations

with cetane indices based on the following: aniline

point only; proton NMR analysis, density, and

hydrogen content (SwRI cetane index) ; API gravity and

aniline point; and refractive index/density.

6. Although not shown in Table 11, for most of the

cetane indices, their standard errors of the Y

estimate (i.e., of cetane number) were approx. 2.

7. Of the various cetane indices, the trial refractive

index/density cetane index exhibited the lowest R2

value, i.e., 0.448 for a 26 fuel set.

8. As would be expected, R2 values for the 28 fuel set

were higher than their corresponding values for the

29 fuel set (see Section 2.1.4).

JN
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,K 3.4.3 Evaluation Based on the Combination of Predictability

and Rearession Analyses

Table 12 was constructed by combining the results from

Table 10 with that of Table 11, but with the exclusion of

the regression data for the 29 fuel set. However, in

I Table 12, the results were re-ranked in the order of best to

worse, primarily on their R2 values and secondarily on their

% predictions. Based on the limited set of 28 fuels, the

following observations were made:

1. Although Ingham et al.'s proposed replacement

equation of ASTM D976-80 ranked the highest in its

correlation with cetane number (R2 = 0.817), its

tendency to .overpredict on these fuels indicates

further studies are required to verify this trend.

2. Based on their R2 values, ASTM D976-80 was similar to

Ingham et al. 's proposed replacement equation.

However, based on the % overpredictions, ASTM D976-80

oerformed better than Ingham et al. 's equation.

Nevertheless, D976-80 exhibited a tendency to

underpredict on these fuels. A similar tendency of

. D976-30 to underpredict was observed by British and

Australian refiners for their fuels [31.

.

3. Although the R2 values for Collins and Unzelman

eauation and the Ethyl equation were high (approx.

-
"  0.81) , their % predictions were only approx. 54-60%.

Similar anomalies between R2  values and %

Spredictions were also observed for other cetane

:"""22 GEO-CNES INC.* 
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indices e.g., CGSB cetane index, D976-66, and the

SwRI cetane index. Consequently, evaluations based

solely on R2 values can be misleading.

4. Of the trial cetane indices investigated, the

modified ASTM D976-80 (see Section 2.2.2.1, No.2b)

appears the most promising as a predictor of cetane

number.

5. In general, cetane indices that are based on

distillation temperature(s) and density appear to be

better predictors of cetane number than those based

on API gravity and aniline point (e.g., Diesel

index), refractive index and density (trial index),
and proton NMR analysis (SwRI cetane index: see also

7. below).

6. The better predictability of cetane indices that are
based on distillation temperature(s) and density

compared with other parameters mentioned in 5. above,

are likely due to distillation temperatures(s) and

density being related to aromatic/paraffinic content,

the degree of branchiness of the molecules, and to

molecular size [13, 14].

7. The relatively poor performance of the SwRI cetane

index which is based on proton NMR analysis suggestsI
the need for better compositional analysis, or

improved modeling of the SwRI cetane index, or both.

In particular, as reported by Glavincevski et al.

[157 and Gulder et al [14], the different types of

23
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paraffins, viz, straight and branched chains, are

important in the determination of cetane number.

8. As a single predictor, aniline point, which is an

:Z indirect measure of aromatic/paraffinic content,

appears to correlate well with cetane number (see

also Figure 6). This correlation is consistent with

the literature [4, 10]. However, the toxicity of

aniline disfavours the use of cetane indices

involving aniline point.

9. The poor correlation of the refractive index/density

trial cetane index with cetane number is likely

-* related to the pcor correlation of refractive index

of the bulk fuel with cetane number (see Figure 7).

2 GEQ- CEN TERS, INC.
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4.0 CONCLUSIONS

The conclusions given below are based on both the

predictability of the cetane indices as defined by arbitrary

criteria imposed on the results and on regression analyses

of cetane number vs cetane index. Unless otherwise stated,

the results are based on a fuel set, which comprised 2-

commercial marine fuels. These fuels were obtained in 13

different countries during a worldwide survey. Their cetane

numbers ranged from approx. 41-57.

1 . In general, Ingham et al.'s four variable equation

-(i.e., three distillation temperatures plus density),

which has been proposed as a replacement for ASTM

D976-80, was not found to be a significant

improvement over D976-80, in spite of using 10, 50,

and 90% distillation temperatures as separate

parameters in their formulation as well as

normalization factors for the distillation

temperatures and density parameters. The tendency of

Ingham's equation to overpredict on these fuels

suggest that further studies are required to verify

this observation. Nevertheless, of the published

cetane indices, their proposed replacement equation

appears to be the most promising.

2. ASTM D976-80 exhibited the lowest % overpredictions

of the published and trial cetane indices evaluated.

Ho;;e'er, it also exhibited a tendency to underpredict

on these fuels.
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V 3. Relative to the performance of ASTM D976-80, of the

trial cetane indices examined, the modified ASTM

D976-80 appears to be the most promising. This index

employs the same formulation as D976-80 but differs

from it, in that the mid-distillation temperature

term employed is the average of the 10, 50, and 90%

distillation temperatures instead of the 50%

distillation temperature used in ASTM D976-80.

0, . The Canadian General Standards Board (CGSB) cetane

index was not an improvement over ASTM D976-80 in

spite of employing 10, 50, and 90% distillation

temperatures as well as 2 additional parameters in

gits formulation (viz, aniline point and viscosity).

Furthermore, it exhibited a tendency similar to D976-

80 of underpredicting on these fuels.

d 5. Cetane indices which exhibited a tendency to

r overpredict on these fuels include: ASTM D976-66, the

SwRI cetane index, and the Diesel Index.

6. Physical properties which appear to contribute to

p good correlation with cetane number include the

combination of distillation temperatures and density.

. As a single predictor, aniline point is also good.

However, the toxicity of aniline disfavors the use of

E cetane indices involving aniline point.

7. The need for continuing revision of the ASTM D976

* ~method (e.g., D976-66, D976-80, and possibly Ingham

et a!. 's proposed equation) are indicative of fuel

26 GEO-CEN TERS, INC.
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compositional changes. Consequently, future cetane

indices that are based on compositional analysis

involving the % straight chain paraffins, % branched

chain paraffins, and % aromatics may be better

"> :predictors of cetane number than those based on

physical properties.

- 8. The poor performance of the SwRI cetane index, which

is based on proton NMR compositional analysis

suggests the need for more accurate compositional

analysis, improved modeling of the index, or both.

9. A trial cetane index based on refractive index and

density did not appear promisina. The fuel set

employed comprised 26 of the 28 fuel set.
.-.

10. Evaluations that are based only on R2 values can be

misleading since this calculation does not define the

extent of over- or under-predictions. It is

therefore important to also monitor the %

predictabilty and es; zcially, the % overpredicticns

of cetane indices.

CW
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5.0 RECOMMENDATIONS

1. Repeat the study on a second set of worldwide survey

diesel fuels using the same evaluation methods

employed in this study.

2. In the repeat study, eliminate evaluations of the

Diesel Index and ASTM D976-66, but perform
, evaluations of all other cetane indices.

3. To accomplish 1. above, obtain a complete set of data

for all the fuels in the second worldwide survey.
* This should include cetane number, 10, 50, and 90%

distillation temperatures, density, aniline point,

viscosity, wt % hydrogen, proton NIIR analysis and

refractive index.

5. Develop new correlations with cetane number based on

compositional data.

5. To accomplish 4. above, perform compositional

analyses on both sets of worldwide survey diesel

fuels with respect to obtaining % straight chain

paraffins, % branched chain paraffins, and %

,. aromatics.

-;
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Taole I

S Descriotion of Worldwide Survey i Coamercial Marine Fuels f

2 NRL ID SUPPLIER ORISIN FUEL CETANE NO.
TYPE (AST D613)

2.-67 Pakistan SE0 56.5
87-3 WobiI Tokyo, Jazan HMSO 56.5
8-15 Mobil Australia I ND55.2

.3-5 Pa... Star MDF 54.6

- . Sweden j MOO 54.6
2 Q-19 l Austrailia MOO 54.5

33-72 Ca Kenya MOP 53.9
3-14 Mobil S. Africa I MOO 52.9

S8- Cilte: Kenya MO 52.5
2-3? E xCin Senegal MOO 52.4

8:--o Sh e1 Singapore HMGO 52.1

23 Sh11 Australia HMSO 52.0

8:-35 B.P. Enqland MOO 51.3
2:-17 sbti Australia 2 M60 50.4

B. . Sweden MDF 50.3

S83 " B.P. Australia 3 MGO 48.8

9-2 Mobil East Coast, U.S. MOO 48.3

8 1 51' 1 Jaiaici MOO $8.7
63-36 Caltes Thailand MSO 48.7

63-27 Caltex S. Africa 2 MO 48.5

B3-31 Shell Jamaica HMGO 47.8
3K-7 MobtI Tokyo, Japan MO 47.7

23-j4 B.P. Sweden 2 MSO 47.3
8--78 Ess: Csi mbis MGO 47.1
53-:) NooK West Coast, U.S. 46.8

83-:s MC::i Australia I H1SO 45.7

9>23 B.P. Australia 2 HMSO 43.6

,3-30 B.P. Australia MDF 42.8

"9:- Mob.! West Coast, U.S. HMSO 40.9

- Mco:1 Tokyo, Japan MDF 54-7
5c I-  Cal'e; Thailand MOF 50.2
8-7' SheH Singapore MOO L8.6
93-25 Caltex S. Africa HMSO 47.9

• Fuels are listed :n order of decreasina cetare number except for

the last 4 fuels. Reason ;cr ths separation is due to incomplete data

for the last 4 fuels.
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Table 2: Characterizition of Woridmide Survey I Coqjercial Marine Fuels

A: API Gravity, Density, and Distillatio Teaperatures Data

Ap: DIST. TEMP. DIST. TEMP.
NRL 1D CET .,E NO. 6RAVITY DENS!TY (deg F) (deg C)

iAST! D63) 10 50Z 901 101 50% 901

;3--7 . 36. 1 0.244: 496 566 626 258 29 363
7-3 3.6.2 0.0438 466 5- 642 241 289 33.

8>1 5 37.3 0.97-O 457 520 591 236 271 311
a 3-E 54. 36 0.3623 508 604 746 264 319 39

33-3 4...? 0.8453 474 548 646 246 237 34'
44.5 O.Kqz-4 472 40 622 244 282 322

. - 3).3 0.37t8 546 6 6 754 286 341 401
0 .3..9 0.5 426 566 666 297

,- 34.8 0. 909 442 56') 661 231 293 4 9
" 4 Z4.' 0.3545 478 568 651 240 298 344

" 2-76 '. 37 0.867 538 638 716 337 380
.L....... *U37 ./80. 7 34.6 0.3519 466 540 628 )o 7

S.1 0.3443 420 53) 635 220 27 335

50. 4 14-4 9462 532.0 62 3 9 8 T46
97 7 r7 4 .0 642 267 271 339
8:-  l. 02 .. 0.3623 452 542 650 -77 n07 343

S_. 0.493 436 514 596 224 263 313
.... . 0.3453 46 519 6-2 236 271 333

3--" 1." 31. 0.8665 483 56 696 251 297 369
33-2 2.5 3,.0 0.3602 476 574 678 247 301 356
23-1 47. . 32.3 0.0611 466 q50 684 241 22 312

- 47.7 36.8 0.3408 434 492 570 223 259 299

E3-24 47.3 39.2 0.8289 410 484 560 210 251 297.9I7 47. 31. 0.6, -' zI( 5

3.-72 47.1 3 0.636 5 526 675 272 303 357

"3-'. 4 . 30.0 0.8762 432 506 620 222 263 327

8-i6 45.7 30. 8 0.745 493 534 606 259 279 319
"3-2 4-.- 32.2 0.84. 439 523 630 226 273 332
9- 1-2 a 2.3 27.8 0.8883 484 574 666 251 301 35

32-11 40, 30.0 0.3762 413 510 648 214 266 342

2T- 54,7 33.' 0.9561 NA NA NA N N NA
32.3 0.2639 NA NA NA NA NA NA

8 -. 45..: 30.7 0.0724 472 590 NA 271 3,0
2A 11 N

132-b6 '.3 "_7 0.3670 NA NA Cracked NA NA

NA Not A';:lacle
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' Ta 1e 2 (Cont'd): Characterisation of Worldwide Survey I Commercial Marine Fuels

B: Aniline Point, Hydrogen Content, Viscosity and Refrictive Index Data

ANILINE ANILINE HYDRCOGEN REFRACTIVE

iF'L CETE NO. PC,,,'NT POINT CONTENT VISCOSITY INDEX
* ST1 D613) tag deg C WT. % EST 1 40 Jeg C I 25 deg C

. 56.6 165.7. 74.3 13.54 4.08 1.4714
-8- 56.5 159.5 H 70. S 12.E6 7.49 1.468

. 2 I ' 3. 27 2.79 1.4666
5-. t6 .5 * 74.2 13.' ,  1 ,.42OI

K -54. 5.2 74.0 12.71 3.34 1.4705
j19 54.5 1.2.0 70.0 13.14 3.31 1.4744

53.3 169.? + 76.6 13. 8.71 Dark
2.15. 70.0 13.,, 4.10 1-4754

~77 13'T.31 4.9 I47,.52.5 1 .. 67., 13.27 6. 1.4755"_-)u .4 1 c .9 70.5 1.7. LI 1.4747
K~~~-7? .... 1 6221.433471

S, 7 52 , j -. , 76.,) 11..,. .i

K-1 52.0 1.3 68.5 13.04 .23 1.4778
5..' 1,54.2 67.9 13.40 3.06 1.4696

6;.

33-i, . 155.5 68.6 13.69 1.472
-:o. 153.6 * 67.6 13.5 1.4656

.3-22 4.8 5".. S 65.6 12.6 3.46 1.4809

3 -3-12 48.3 15i.9 66.6 -3.2.30 1.472i

4. 4.7 1 S 65.3 1 V, ".4698
8- 7 43.7 154.4 63.0 12.91 4,43 1.491I- 4-.5 153.- 70.4 12.9, 4.41 1.4797

P I ,7.3 t,.5 66.4 13.23 4.18 1,.4 782
8 47.7 145.4 63.0 13.35 2.5,3 1.4663

".-15. 1 ,. 9 66.6 13.50 2.19 1.4596
6. 160.4 71.3 13.27 5.8 4 1.4799

4~.3' 12~ 12~.6 3 .. 2. 1480'6
4 3.- 6 5.7 125.9 57. .. u3.12

1.4.9 * 57.2 13.36 2.97 1.4855
7-2' 42. 2 133..) * 56. 1 12,.6 4.1 Dark

.>1- 4,. 123.2 53.8 12.39 3.63 I, R- I

54. ND ND 13.25 5.21 Dari:
O- . D ND 12.L6 4.31 Dark

6c' 112 :1 !.32 1.4E46- 47.8 Too Dart Too C~ark tl,. O 5. -'dr4,. TeD dark

, e:.erir-at:nr ty NIPE;

if "- _e .detra'n'ion 3v NI-E9 ,Se Section 2.'.')
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Table 2 (Cont'd): Characterisation (f Worldwide Survey I Comaercial Marine Fuels

C: Coapcsitional Analysis f

I" CETANE NO. MO NCYCLIC DICYCLIC
NRL Ic (ASTM D613) SATURATES ARCMMJICS AROMATICS FLUORENES PHENANTHRENES

8 8'-,7 56.6 68.49 18.40 8.2 2.77 1. 52
83-3 56.5 69.57 18.04 r.5 3.54 0.29

9-! , r. . 2 76.40 to.6 12. 1.04 0.29

,3-68 54.6 61.76 21.44 11.09 4.00 1.71
83-30 54.6 75.,4 1.5. 7.30 . .56

2-'9 54.5 69.7E 16.53 12.25 1.52 1.32
8- 5.9 56.25 36.19 5.56 2.00 0.00
-4 52.9 69.91 19.03 8.47 2.6 0.2

" 0'-7! *52.5 62.25 24.41 9.03 2.25 1. 4
52.4 69.37 1.45 7.74 2.0o0 1.43

-8'-76 52. 1 60.09 28.6 8.76 26 0.00

V., 4 698 21. 5 7.31 1.32 0. 3

8 50. 74.1; 19,71 4.60 1.23 .
5--22 4B.3 64.53 16.40 15.69 2.76 0.57

4u.I c 17.64 1.22
". 848.7 70.76 21.t7 0.76 0.0

48.7 59.11- 21.65 15.58 2.57 0.58
P. 4In.5 70.2 2 12.i7 7.90 2.76 0.95

3 1-1 47.2 67.12 24.26 9..8 1.62 1.61
8:-7 47.7 64.78 25.55 8.72 0.95 0.00
S8 4 47.3 74.71 18.5 4.37 1.97 0.::)

- 8-8 47. 1 67.25 20.66 8.49 2.17 .2.
8 -i 46., 57. ' 34. 79 6.06 0.77 0.0

,3-27 43.6 61.38 22.02 13.54 1.53 1.528 33-24 42.2 51.90 19.28 20.7 5.09 2.40

54.3 64.2 20.)! 11.'2 3.4s 0.29
-7 5,0.2" 65.04 12.75 ,.0 3.17 1.24

" ,3-74 42.b 64.9-3 21. !5 11.65 2.28 0.00
8-36 47.IT 5.2 24.70 11.4 3.,7 1.61

77

t r D 5orq et 41. [8], using liquid chroztaogaph1/proton NMR spectroetry averige comoositonal
a~a':sis. Data availabl2 Ply for fuels listed.

A~ 5~

6.
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STa.l 2 (ContJ): Charocterisation of WorldwiJe Survey I Coamerrial Marine Fuels

D: Proton NMR Analysis I

-------------------------------------------------------------------------------------------------

I Proton Type "

NRL ID CE TANS Nn. CH3 C0L
(ASTM D6-)

6.', 28.4t 53.08 7.95 6.4 4.10
-L.5 50 .0 ;0  8.10 7.5419.6- C.Z4.6.9

0 7 
- 5 5 . . 2 8 , 6..-2 4 .38

07-. 5-.6 27.75 51.45 8.87 7.51 4.2
8- 4.5 0. 48. 04, 6.0 4.

2 . 6 I' 5 .15 7.16 8.66 5..7

7. ', 5:3. 2654 1.47 9.44 7.50 4.44
."), 52.-? . 42.64 9.24 7.07 4.52• ~K-, J . ,€

0- 525 2g . 48.49 8:22 9.04 5.48

" -a 52.4 32.28 46.56 10.32 7.4 3. 70
-2 6 5. '.S. u9 50.72 10.72 7.3 1.64

B 2 2 . 2 5 . 50,91 7.62 9.!5 6.71
.3 3.. 67 46.39 10.00 5.78 4.-7

8- 504 3.55 45.86 11.90 6.75 5.14
50.3 31.74 46.85 11.34 6.05 4.3

:28 28.70 46.30 9.26 8.95 6.79
1' -,. 31i. 40, 44.06 11.35 8.18

8- 34.7 34,,9 42.68 12.12 7.07 4,04
42 .7 28.81 47.46 10.17 .23

8'"' 48.5 28.82 46.18 10.00 97] 5.29
8 3 47.3 ,50 41.75 12.75 7.75 4.2527 -73.9 4 7 7.Jo ICIt .0. -,

B,. 30.25 44. 32 9.20 0..
8 A-- '7.3 33.65 45.5 11.22 6.21 3,.4

8- 47.1 33.75 41.91 13.10 7.30 .,3
8.8.9. 16.36 10.13

8-I 45.' 21.'5 48.75 4.12 13.73 11.70
87- 43.6 25.57 44.54 9.20 12.38 8.23

% 811-:11-42.8 24.77 44.04 9.17 12.54 9.48vA 784 .Al

8-11 40.,? 38.44 32.41 15.83 9.05 4,27

. - 54.3 28.49 51.28 9.12 7.12
3-37 53.2 29.03 48.638 9,09 8.21 4. -,-

8 -74 28.20 45.06 12.50 . C "

1i 83-26 '7.3 32.24 46.10 9.07 2.05 4.53

* Per'orse o, Southwest qesearct Insttite

f* Reftv'e to the total numter of protons
.4"

V
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* Table 3: Determination of Cetane Indices

A: Published Cetane Indices That Are Based an Density ard Dit....latio, Teaperatures I

(Worldwide Survey I Comaercial Marine Fuels)

IMPROVEMENT EDUATIONS

CCI CCI INSHAM'S OF D976-00
NRL ID CET-41E NO. ASIM D976-66 ASTM D976-80 DISTN. TEMP../

(ASTm D63) DENSITY EQN ETHYL EQN COLLINS ff

-, 53. 59.0
jc- . 5 57 2 53.5 55.4 57.2 57,1

55. 55.8 52.9 54.9 56.2 56.:
'- - 21 5457,0 51.7 5- 54.4 54.2

". 5 - 4.6, 52.6 J. 55.3'  55.7
54.5 52.01 49 .5 50.9 51.1 50.3
-53 ,52.6 51.1 55. I J, 5 2

: - -4 52,9 54,5 51.0 53.:) 5,c52:5 5c.5S-. '! J4.. 55.551.95 .

52.4 55.2 51.5 52.? 54.0 53.2
-52: 52.1 56,. 55.0 54.9

B3C 52.0 52.2 49.7 50.9 51.3 51.0
C... . . ,- 51.:51.7 *.. 1~ -? C C

51.5 49.', 50.5 50.5 50.2
750.7 54.2. 51. 54.4 54.2

40,3 43. 46.5 46.7 46.7 46.4
V 42.3 49.4 47.6 47.5 48., 18.0

.. 1.6 49.4 51.2 50.9 50.6
47 .2, 7 47.6 48.9 48.3 48.0

-_. 3,3-27 4c.5 53.2 50.2 510 52. 1 51.8

333- 47.3 50,0 47.7 48,7 48.5 48.2
4_7, 50.4 42.4 48.9 49.5 49.2
47.3 5,0 50.5 51.1 52.2 552, 48.5 515; 49.7 43,

3-142. 4, 42.2 40.9 0.3 40.7
87-': 4§,9 39.2 0.0 38.9 36.7 37.0

3 . ND ND NC ND ND
... ND ND ND ND

>-" 4S.: 5:.: 47.7 N4 48.5 48.2

- 47.3 Nn ND ND ND ND

--or , at t 14 -ndices are giien in Appendix 91.1.1

II 2aL:n' J Jr. :]re1 an Eqc;ticn

3 7 GEO-CENTERS, INC.
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Table 3: Deteritnation of Cetane Indices

B: Three Trial Cetane Indices That Are Based on Density and Distillation Temperatures

(Worldwide Survey I Commercial Marine Fuels)-
Trial Cetane Indices

CCI Modified LOTUS 1-2-3
NFL ID CETANE NO. ASTNI D976-90 ASTM D97 -0 RESRESSION ANALYSIS"f

(ASTM 2613) AVG.(MBP) * TSO,D AVG.(MBP)*, D

- "8 -7 o . 5 4 .6 5 5 .9 5 4 .? 5 6 .I

Q- 5 56.5 5. 53.7 53.4
23-15 55.2 52.7 53.2 53.1 52.;
3- . 52.6 5.3J 54.3

63-3 54... 52.6 53.4 F. 0, ' 3

a--,- 54.5 49.5 50.0 50.2 50. 1
3- . 53.6 51. 51.2 54.4 54.2

C-'-:, ' 51 .05 , .= 5 51.7 51.3

33-71 52.5 51.7 51.6 52.5 51.6
S63-S9 52. 51.5 51. 52.2 51.5

33-7, 52.1 2.L 51.3 55.0 C.7

83-20 52. ) 49.7 50.1 50.3 50.2
--.," 51.1 51. 51.6 51.2

- 33-17 5c. 49.1 50.5 49.9 50.5
23-Ti 50. 51.7 51.9 52.1 51.2
83-22 4o.3 46.5 47.2 47.5 47.5
83-1!2 43.3 47.6 47.3 48.7 43.2
83-30 (,.7 49.4 51.2 50., 51.2

83-36 49.7 47.6 48.3 48.6 49.4
K-:7 42. 50.2 50.3 51.1 51".
a 3-8 47.8 47.7 49.2 48.6 49.5
B3- 47.7 48.4 43.8 49.6 49..3

83-34 47.3 50.5 50.7 51.7 51.3
8-7 7 8.5 49.1 49. .')17. ~ 78 49 0

8.-0 46.3 38. 410.1 40.4 4-0 .
.' 42.2 4'.4 43.4

; "8 - 43 -3 41.9 44.8 45. 3 4c 2

6,8-2 42.3 42.1 42.2 43.2 42.3
33-:: 40.9 39.0 40. 40.2 41.1

33-1 547 ND ND ND ND

23-3K 50.2 NC ND ND ND
87-74 43.- 47.7 NO 40.1 ND

33-3: V.3 ND ND ND N"

* .... MFF: . (TIO+T50+T90), deg

ff -crslat:ons of these cetane indices are given in AppendiK B1.1.2

ND Nct Determined

3 8 GEO-CENTERS, INC.
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Table 3: Deteraination of Cetane Indices

C: Cetane Indices That Are Based on Various Types of Established Parameters 4
(Wor1, 'de Survey I Coamercial Marine Fuels)

S*RI

DIESEL CBSB IN. ill'S TRIAL CETANE
NRL 15 CE,,AE ND, INDEI EQUATION ANILINE PT ANILINE PT INDEX 4*

(ASTM .1.3) (G, AP) (T,D,APVISC) EON AP) E.N. (AP) (PROTON NMR)

.93-7 56. J9.3 54.9 55.8 54.1 60.3
9-3 56.57.7 ,1 52.9 52,1 53.4

55.- .... a 52.6 537P. 5 52.5 59.1,

354.6 54. t) 57.5 55.7 54.1 57.2

54.6 59.3 54.0 55.5 54.') 52.')
83 54.5 54.5 50.7 52.3 51.6 54.3
* "' " 52.2 53.6 5'3 55.5 5.

52.9 53.6 50.7 52.3 71.6 53.3

- 52.4 53.2 4.5 0l.5 50,2 53.

52.1 53.5 54.5 57.2 55.2 58.0

52.) 49.7 51.1 50.7 55.5
J513 49.5 50.6 50,7 52.3

50. 4 5-. 49.6 51.2 5z.7 50.6

50.3 49.4 50. 50. 1 5.
43.2 42.3 47.2 48.9 48.? 4.2

* . ' " 42.8 53 48.7 49.6 49,5 48.)

--- 48.7 5 3 48.1 49.0 49.0 47.1

[4 .3- 48.7 49.! 48.7 50.7 50.4 52.1
8--27 43.5 52.4 50.6 52 6 51.8 49.7

- 83-'. 47.3 4.7 47.6 49.5 49.4 4.9
33- 47.7 r. 1 46.) 47.0 47,4 48.1.

--3 5.5 48.9 49.6 49.5 50.2
.- 47,1 50. 4 50.3 53.3 2. 4o.7

4;. 3 1;. .9,3 41.2 42,.2 32.5

3:- 45. 41.2 41.0 43.4 44.2 4,.9
4-4 41.6 43.) 43.9 48.

42.3 37.0 40.0 42.3 43,2 47.4
4! 4. 9 1 31. 38.3 4.8 41,8 3.7

N54.D , ND ND ND
.'-" S;-:; ?50.2 N ND ND ND 52.3

33-74 , 43 , 43..:' N: 51.6 C1. , .7

47.3 N, ND ND ND 45.

4 =:r,:at:7 i: f e. e ceta1. :1:cs ra qIer in Appendix B 12 - 82

"1 ei
" j nt ar i'nor pertaried dt SmRI

ND Nut Deterained

39 GEO-CEN TERS, INC
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Table 4

Evaluation of the Reproducibility of the SwRI Cetane Index

(WrIdwide Survey I Coasercial Marine Fuels)

~ctd

SwR1 CETANE INCEX 
DIFFERENCE

NRL 'D CETANE NO. a b SwRI CET INDEX

(AST. D613) NRL SARI NRL - SwP1

83-,56., 60.4 60.5 0.

87-3 t6.5 54.3 53.4 0.9
83-5 55 2 60.5 .. 4
K]- g 54-, C5S. ! 57. 0.

3--, , 7 ,0.7

'. 3,-10 .4.5 56.5 54.3 1.7

25.8 53 58.5 .5
,- 4 52.9 53.3 5-.3 0.5
S-7 52.5 53.6 5. I 0.5

-q 2.4 51.9 5i. I.
52. 57.9 58.0-
52 56.) 55.5 0.5

87- '5 5- 0. 7
S15 51.5 S.2

E --,7 5-.4 50.4 50.6 -
- 50.3S 52.5 52J,371 j 11.-0.4

.,-, 43. 49.7 49.2 0.5
* , U..,... YU4,<.2 .8 -248.3 49-2 4 . ,.' 1.2

2-20 4 .7 48.. 47.1 I.,
% , 6 43.7 52.6 52.1 0.5

5:" - .55.6 4377n54. ., .''* 0
P3 47.3 47.0 45.9

E 47.7 49.9 48.1 1.8
47.3 50.2 00

, 4711 47.9 46.7 1.2
87-111) 46.2 3r .. !. 0

-l 45.7 4q.2 48.- 1.
- 6 49.6 4c. ' .2

Vi 4; . 7.1 V 74 0

-P 54.3 5-.7 57.6 0.1

5-: 50. 53.1 j.7 0.8
.48.6 59 49.7 1.3

97,, 46.34f.1 1.1

.Ba.e. o il ),-,s perforted at 1... usinq Swri s FIDs: Protor Yalies tased on
a~ea .:f"-:iicteinteqrations,

b Based - '...ratns per;oraed at SwRI, using the sate FIDs as in a, aboie

c3tirdard ev,::on of the differences is */- 0.5

d Ncte: Re.rcducibility limits allowed by ASTM 0613 is 2.5 to 3.3 for

cetane %sbers, 40 to 56 respectively.

40 GEO-CENTERS, INC.



Table 5.

Regression Analyses of Parameter's) Vs Cetane Number

For Refrartive index ,' Density And Various Functions of These Parameters

REGRESSION ANALYSIS FOR 26 FUEL3 *

2 StJ Err:r Std Error I Errcr
PAPHUET S R C. of Y Est Ceff(3) of Coeff of Coeff

RI 0.248 7,27.7 3.7 -17.J7 92.2 -47

D 0.2,.7 18".6 .31. -156.0 57.8 -7

--,..DR 0. M 4 , - .6 € -56

16B.68 217.1 129

-, R: 0.2 -4 .37 4 3.24 407. .07

. 7!8[ 44..4 12

.1-*44.

RI/C023 5, 35 40 22
2 2

-" C , RI 0.257 35.4 3.5 -152.58 83.2 -55
5.07 72.7 25

2
RI I Lo s 0.257 75. 4 3. 0L 0.2

(L l*....J.. ... OE .., . 34

2 2
S2. -47.10 175. ).

1641,04 717. .5

-4 11' .5 1a I

(2. :  724 Rll IL

L'L

RI/ , I,,0.493 2373? .2 ell7324 63.

K246.16 07. 2

62 74. 1152

43,. --6

, . 4 For 26 of the 28 ;uel set taken from Worldwide survey I commercial diesel ;uels.
2 2

S*' R: Fn= - 1 I r + 2N N
GEQ-CEN ERSINC.

A' :.



! Tab!- 5. ICOnt'd)

Rer?-sion Analysis of Paraeter(s) Vs Cetane Number

For Re, rctive In:e / eritv n*J Vartosli F'nct:ions 3f These Paraleters

RESEESION NLYSI. . R 26 FUEL *
.............................................................................

St Error Std Error Z Error

PIA:.EER3 f P corStat of Y Est I Loef 4 s) of Coeff of 2cr.f
- - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - -- . . - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

R" O. 3 ... 3.7, -187.97 92.2 -47

;) -7:27,44 132 2. 1

3.4 2 1
-7579 7L.; .

1*3

-17 23.3') 4Cq*  
- -2'3

- ,15 6264 . -

-4,.- : 3.) 4391.l50 1 4bu.
-2 ..72 19:7 '. -7,34

5 20 0 7.27 492 - I

2OE35--.4

"" ~~~5. ).. 4 ,...'

EX: Ji ,.' 2:,7 3.; -. 72 2. -

N2
,--. , r E 1',R 0.2, 170:.. ,25..S

, 2 ,-49. 6 7

163. : 2.:12.9

For 26 of. C-e 2. fu l;' t k.,fomWr4le 3,rv j Ide ' u l
2-ha suE- N,o 'he lis thre entrie re 23 '. to?,, 525,li=n "mh*s efrmd

24 2

4....g-% 0510" -15 3. -433.70 224.2

-3057.94 7... -2:'
-1i67.&0a 1442;.:-£

r' I For 26 of the 28 fuel set taker, from Wcrldwide s;4rvej I Comtert;aI diesel fuels

! **I The sufix, -N, of the last three entries refers to norsal',at~on, wr ch was performed by

s,'ktract~n; tn:z each ztser.e value, the mean of that term.

42
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Table 6: Numerical Difference; Between Cetane Index and OCtane Number

A: For PuLblished OCtane Indices That Are Based on Density and Dzst.,llatian Temperatures i

(Worldwide Survey I Coxterojal Marine Fuels)

-. Predictive Range: ctane2 lnde , - OCtane Number
-- ----- ------- ---------- ----- ------- ----- --

IMPROVEN1ENT EGU'ATIONS
cc! CCI INSH4,4S OF Dq76-9O

NF1 ID C ET ANE NO. AET9 2976-66 ASTI D975-80 DI15Th. TEMP,
.IT 'A E6ST\:Q ET Iia EON C OLLINS1 i

h0..

-0.

8-5520.51- -2.3 -0. 1. 0 0.73

-6-B54.5 2.4 -2.9 -0.4 -0.2 9.
8-:0 '4.5 1.5 -20 0.4 1,2 12.

a..., - C 0C J.0 -3.6 -

5§ ~ 5;-2.7 -0.4 -0.
a- , *

4
.3 1h. .') C,

-~ 3 9 5234 .3 -0.Q . .
8 5:.: .- 0004

5- 4~ -0. i.

50.4 1.1 -1.37. .
* 65024.11.4 0.9 4

3~ 433-. 2.3 -2.152

a,, .'~ 47 -1 7 C 70

45 1.5 -M. . -0).4 -.

7 4.55.7 1.7, 2.5 .

*0. 0 07

47. . . . . .
4"3 4. - I7

5j£-'6 4f.7 -T *r-. -2.2 -45.

0. 0. 0

CC ~ 4 ND 4D N4D ND

a 3- 4?.~ 2. -CAND -2-0.4
8- U. ND ND ND NDC ND

f Frajla:::ns of t, ese cetain indices are qtven in Appendix 81.1.1

*4 ^C1I1.,S 3n. Jr-zelaan Equation

*44 43 GEO CEN TESS, INC.
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Table 6: Numerical Differences Between Cetane Index and Cetane Number

B: For Three Trial Cetane Indices That Are Based on Density and Distillation Temperatures
(Worldwide Survey I Commercial Marine Fuels)

.....................................................................-

Predictive Ranqe: Cetane Index - Cetane Number

Trial Cetane Indices

CCI Modified LOTUS 1-2-3
NP>L D CET Ill . ASTm 2976-.30 AST D97h-00 RESRESSION ANWYSIS"t

(3TM 056) AY(MBP) T 1),D AVS. V BM 3PD
................................................................................................

K-3n
,J-,7J.U -. y0. -1.7 -0.5

"S 8 - 56. -. -2.72DP ]
.- 55.- -2.0 -2.i

-o 4. -2.9-2.u -1.7 -0.3

".-. -5.) -4.-4.3 -4.4

- 0.0 0.4

Vn 1 5.5. -0. s -0.9 0.0O -0. ?
C-- t2. -0.9 -1.1 -0.2 -0.9

"- 52.: 0.0 -0.3 2.9 1.5

-1.7 -,2"8- 5:.; -0.2 -0.1i 0.._ -0.1
P ' 50.1 1301-.

,- , -r3 . -7O
, -1 1.4 1.6 1.3 1.5

0 .: -2.3 -1. -1., 1.3
43 1 8.3 - . I 0-~ -0.

4.7 0.7 2. 1.4 2.5
43).7•-"8 -. 6 ,- .; '0.4 -0.1 .7

I-7 43.5 1.7 1.8 2.6 2.2
9--,l 47,3 -0.1 1.4 0.8

0.7 1. 1.; 1.6
33S- 47. 3.3 3,4 4.4 ,,
,3--- c  47., 2. )

45.3 -- " -5.7 -5.459- -C -. 5 -. -, -2. -2,

6.; 1.2 1.7 !.5
-25-= . 42..3 -0.7 -I. 6 0.4

*'.. . 4 2,.- -IAc -t:,' -0,.1"

.2- 54.; ND ND ,ND 42:

3- -- .7 - . NE, N ND
9-74 4C.5-. Nn .5M

3>3 . 3ND 4 NDND

* .6-. '.3SY - 42. (T: 750C>), deg

it Fornllit;rns of these cetane indices are given :n Appeni. 91. 1.2

4 GEO-CENTERS, INC.
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Table 6: Nu2erical Differences Between Cetane Index and Cetane Number
a

- C: For Cetane Indices That Are Based on Various Types of Established Parameters

(Worldwide Survey I Coemercial Marine Fuels)

Predictive Range: Cetane Index - Cetane Number

'i%" SwRI CETANE INDE%
DIESEL CGEB INGHA,'S TRIAL (PROTON N R ANALYSIS)

' D ETAN_ No. INDEX EQUATION ANILINE PT ANILINE PT b~~~~(AST M' n ,,613" )R
( I 1 (6, AP) (T,D,AP,VIS-C EON (AP EQN , AP) SwRI NRL

O'-.'4 3.9lc" "
-5 . T. -1.7 -0.0' ' - 7 , -

- .- . 4 -2 .6 - 1.7 : .
4 -4 6 0 . I .44 -0.5 2.6.

5 1 2 -2. -.. -2.
4-.7 0.0

",1-5 54.5 I: -1.1 24.0 4.7
-5.- 0.6 -0. 0.3 2.0

7 - -. .-

'>- 5.' 4..4 -. 0.7 -1.0 I.4 0.9

" .] :- : :' .. : .1 -0.0 0. .a 7) 2O

.. ....... .. A; 2.2.2

-5 . E,7 -0.? 0. - . .

-- 4 0. .) -1.0 0.1 0.5 C 0.5

--:2 4 .- 4.5 -0.6 . 7 -..1 3 0'.8

0,1 -11.6 -0.6

40-9 0.4 _7 3.1.
4'-:P. .4:-0 G3 O.7 O.0 1-. 1 -.7
3 " 7 64. .1 -0.8 0.6, 0 '.3 3.3 0.)

-4."

z- ,4'.3 1, .9 -0. 1 .7 6.s- . o ,47.7 5.0 -0.9 -0.7 -0. 2.6 2.2

47.34

J. 063 0.3 *0.6

-40 1.79 3.: 4.:

-0P4 .2 -20217 I..5 401 6 .- "4.3 3.3 3.2 6.2 5.3 -0.- .

4-- -0.6 NO -5.6 -2. -. 3 -1 .4

"- 5,. ND ND ND ND 2.1

.....at:: s o3 ti ese Pctane in.C.s are ,1 en in Appe,-d: B1.2 - 2

b

Based on int.raton; peroraed at S£PR

Eia.-n on integrato-s perfnrsed at NRL using SwRI's FIDs. N
4 5 GEO-CENTERS, INC.

r '- 4 T-%.?' %. %t %C A*4~:
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Table 7

Evaluation oi a Trial .Cetane Index Based an Refractive Index and Density
(Worldwide Survey I of CoaSerCial Marine Fuel)

REFRACTIVE CETANE INDEX DIFFEREICE

NRL D CETANE NO. DENSITY INDEX 2 2 Cl - CN if

(ASTM D613) (Q 25 deg C (D ,RI , RI/D) *

83-7 56.6 0.3443 1 4714 52.3 -4.3

63-3 56.5 0.34 3 . -4.1
U8-15 55.2 0.I53 1.4 66 51.0 -4.2
83-63 54.6 0.3623 1.4801 49.7 -4.?
23-30 54.6 0.8453 1.4705 52.4 -2.2

0..2 94 1.4744 52.0 -2.5
87- -14 52.9 0.3555 1.4754 51.5 -1.4
3- 55 0.2509 1.4755 5 -0.

* 3-69 52.4 0.3545 1.4747 51.7 -0.7
63-76 52.1 0.2670 1.4831 47.2 -4.3

-52.0 0.8519 1.4778 52.2 0.?
- 51.3 0.0443 1.4676 52.4 1.i

87, 50.4 0 . 5 q 1.472 51.9 1.5
.50.3 0.839 1.4656 52.')

S2 483 0.828 1.489 49.6 0.8

4G.3 0S93 1.4721 5.3 3.5
3- 6 48.7 0.86,5 1S4219 43.0 -0.7

95-8) 48LQ "I.q° 48.,
248.7 at25) 1. 1 -4 52.5 3.

8-7 48.5 0.28602 1.4797 50.4 1.9

37-31 47.3 0.8612 1.472 49.9 2.1
3 47.7 0.9405 1.1663 52.2 4.5

3' 7 .3 0.8227 1.4596 9.2 1.9
. I.1 0.3886 1.4797 46.5 -0.6

8,13 0 46.3 0.3762 1.480 41.5 -5.3
8K-6 45.7 0.8745 1.499 46.4 0.7
S 43.6 0.9644 1.4855 49.4 5.3

40.q O. 8782 1.4 1, 41.6 0.7

54. 0.3565 Dark WD ND
>:2 53.3 0.3712 Dark ND ND

50.2 0.9639 Dark ND ND
83-4 48. 0.3724 1.4,06 44.? -3.7

V8-36 47.2 0.8670 Too dark N ND
S-.- 42.8 0.383 Dark ND ND

C 4.2 D + 1641.04R) - (4106.72 * RI/D)

S* etane Index - Cetane Number

46 GEO-CENTERS, INC.
1k



Table 8: Deteraination of the Frequency of Predictability of Cetane Indices

A: Published Cet..e Indices That Are Based on Density and Distillation Temperatures
(lorldwide Survey I Commercial Marine Fuels)

..........................................................................................................

F of rei-tbi.ity For Specific Predictive Ranges: For 28 Fuels

IMPROVEMIENT EQUATIONS

PRE:2 C,1,1EI C CCi INCHA, S OF D976-80
-.NSE. ASTI D976-iA A.TI D-CTN. TEMP.

(C- CN~I DESITY ,CN ETHYL E., COLLINS**

* Prd._.icrs5 .ih~

,-.0. 4 8 5 4

4 6 7

1.1I I- 2.0 5 3 3 3 6

5 1, . 01,{ 0 71 0

"5.

" Lrdrredtc.ions .,in:

.1 -6 36

S-(..t - 4.0) 0 1 1 1 2

-(4.1 - 5.0) 0 1 0 2

-(> 5.',) ,0 0 0 0 0

2 .1- 4.w) 0 1 1 I

4.7 ; -5, 0 . 4 ,

000 1

r e t~ r; Cs a~ N:bt

.c

'4.,

4. 44 Tol1;ns snd 'nzem;n Euatzcn

4 GEO-CENTERS, INC.

%% %% % %'
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Table 8: Determination of the Frequency of Predictability of Cetane Indices

A: Published Cetane Indices That Are Based on Density and Distillation Temperatures

(Worldwide Survey I Commercial Marine Fuelsi

Frequency of Predictability For Specific Predictive Ranges: For 28 Fuels

IMPROVEMENT EQUATIONS

PREIC ..VE CCI CCI INGHAM'S OF D976-60
RAN IL ASTM D976-66 ASTM D976-SO DHTN. TE..F

(CI - CN)fi DENS51Y EN ETHYL EQON COLLINS"

Pr d -t cns ih :

4%4:- i.e 4 8 5 4

%w - 1 4 6 7
k2

1.1 -2. :) J J 6
C3 6

0 7 5 0

-J

7 6

"" -7 .v" 0 0 0 0

6

r - 5 .0 01 . 0 2

C 6

C&AW

-, 55

47 GEO-CENTERS, INC.
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i rTable 8: Detersination of the Frequency of Predictability of Cetane Indices

B: Includes Three Trial Cetane Indices That Are Based on Density and Distillation Temperatures

(Worldwide Survey I Coamerciil Marine Fuels)

....................................................................................................

~N Frequency of ?r.dictability For Specific Pr.dictive Ranqes: For 28 Fues

Trial Ctane Indi:es

PREDICT!''E CCI . .f LOTUS 1-2-:
RN6 I ASTM n ,.-76 -E,3, c-N ANALYSIS

(CI - ON.. T50, D o A"(.P)"

PrE d i t; 4 ...

0,. 4 2 5 4

-0.1 - . 75

7. 4

6 T

- 2.:) 6 4 5

•- .1 .0, 7 , 6 4

-H. u ,.r --,7 .,M I.,,3

5-(3. - 4.) 0 0 0

"%. T T

.',. -(4.1 - 5.!)) 1 1

%or

-'-( 5.0) 0 0 0 0

Cve-pred~ct~ons W:...in:'

'A.

.50 0 0 1 0

tZ.0

.7, .* * Octn 2 ir e - ;e Nuacer

' ** AVG. !. 3P =A'G. 1T TV!, 190:, deg C

V4..
GEO-CENTERS, INC.

e%
2'%

L V& A0 .



Table 8: Determination of the Frequency of Predictability of Cetane Indices

C: Cetane Indices That Are Based on Various Types of Parameters

(Worldwide Survey I Commercial Marine Fuels)

---------------------------------------------------------------------------------------------------------------------

K- Frequency of Predictability For Specific Predictive Ranges: For 28 Fuels ,4

SpEEDITIVE, SwRI LETANE INDEX TRIAL RI/D *0

RADE SIEE CGSE INGHAMS' TRIAL (PROTON NMR ANALYSIS) CET. INDEX

C CN) I NE ECUATION ANILINE PT ANILINE PT. FOR

(E, A?) (T,2P,YISC) EQN (AP) EQN (AF SwRI NRL 26 FUELS
.....................................................................................................................

0-1.0 4 1 7 7 7 55

-. - . - 1.') 0 1

1..

S 0

.'. - 1,1- 2.0 6 1 3 3 1 2 5

-( 1.- S 7 2 3 3 '

.6 I

-!2.: - C.0 1 5 2 4 1 1

.4 - .. 4I 25.

(-.: - 5.) l 1 0 1 0 0

-' ->5:. 0) 1 0 0. 0 I 1 0

"S-he~p iF] :-C.t q ') e

•vr edctcn {t<u

2. - . 0 2.... 1t3 5

3.1-to

'.,A-5 .),ctn ne ae nrfatv ne n 0esiy se 0l 372

4" *W 44 9 mceru ;~e

' GEQ- CEN TESS, INC.

IC .-?

0. - -,,-, . ,. . . _ ,,... . ,.#. . .. 5 .. " . #'""



[ Table 9: Deteraination of the ' Predictability of Cetane Indices

A: Pubhished Cetane Indices That Are Based on Density and Distillation Temperatures

(Wirldwide Survey I Coamercial Marine Fuels)

..........................................................................................................

I *r PrediCtbil. t For Specific Predictive Ranges: For 28 Fuels

IP ROVEMENT EQUATIONS
PRE":_ CE cc, CC: INGHgN 'S OF 097 6-O.,

RU,' ASTI 397- ASM D)7.-B0 OISTM. TEMP.
DENSITY EON ETHYL EQN COLLINSi

..........................................................................................................

r euc.:.'or,s W€.:hi:

0- 1.' 17.? 14.3 28.6 17., 14.3

-. -(0.1 - 1.0) 3.6 17.? 14.. 21.4 25.0

I W. 7A 27.

.L-t - 2.' 17.9 10.7 10.7 21.4
- .4 , - f.l0 0 .')C 17.9 7.L 0,:

- ." UTai1. l- (0- 2.) 39.3 67.9 71.4 53.s 60.7

!]n.]2 , r: c. rf , s '4 "' lhi

* 4'

6 -. 10. 72 7 7.1

-.v:. -4.0 0.0 3.6 3.6 7.1
,1*

- ., 0.1) 3.6 0.0 7.3

Tti-(-1 - >5.0) 10.7 22.. 10,.' 14.5' 17.?

- .- 0.0 .0.7

- .. 67.1

,.- .. 0. : 3.6 3.. ..*'U

" . , 0,' 0.0 07: 3.6 3.

* 4,' ,.al ". - *'J,5) 50).0 3.t [7,9 7.7 21.4

* Cetare Index - Cetare Number

,i i This aind Un:elian Equation
"*" 50 GEO-CENTERS, INC.



Table 9: Deteraination of the X Predictability of Cetane Indices

B: Includes Three Trial Cetane Ind:ces That Are Based an Density and Distillation Temperatures
(Wcrldwide Survey I Coamerc:ial Marine Fuels)

Predictability For Specific Predictive Ranges: For 28 Fuels...................................................................................-
Trial Cetane Indices

PREI:,' TIVE £1 Motied LOTUS 1-2-3

AST!30 45 D976-7" R E RSIOCN A NALY a'i3

-' P VVM....T o, 3 AVG( BP(*

0 A- 1.4 14.M .1 17.9 14.3

-..* - ,.. 17.9- 17,0 .. ..

2... 4.44 '1.7 17.?

" I.:i - 2:) 1f.7 21.4 14.3 17.?

"'.- , 25.0 2,5.0 21.4 142.

, . Tal: *,-C0- 2.,) 6-7.3 79.5 71.4 71.4

Utr~dgdcticns Wifttn:

- . 21.4 10.7 10.7 7.1

4 - 4.u.. 0. 0.0

-(4,-5.... 3.- 3.5 3,.J 3.,P -("} 5.0 U )'). ) U,. 0.' ,0 0.'0L

Tt: -(2.1 - 3,. 2. 14,7 14. I4.

0. .. 0 .j,.

.1'.

Cerzredicti:n et Number

2.I- 7.0 .). , . 3 10,. 1 0.7

I.

5 1 4 -
E

' I NC.

!%

-"Tti 5<, 0 5 .0 0.0 14,7 04.0

IeaeIdx- eaeNme
"II%!l' 1' .T.N~ > : A'W . TIOT50 Tq ), e .1

0. 0.- 50EOCNTR, N
[_,-.,

4 7..) *-|



Tan'le 9: Determination of the I Predictability of Cetane Indices

. C: Cetane Indices That Are Based on Various Types of Parameters
(Wrldwile -ur,,ey I Commercial Marine Fuels)

------------------------------------------------------------------------------------------------------------------------

, Predictability For Specific Predictive Ranges: For 28 Fuel; *

PF::,TV iv',SwRI CETANE INDEX TRIAL RIID
MANE DEE L D.3. INGHAM'S TRIAL (PROTON NR ANALYSB3) CETANE INDEX 4

C - CV IN5E EII'J ANILINE PT ANILNE OT. FOR
(B, F )T,,AP,!EC EON A-) EON (AP) SwRI NFL 26 FUEL;

S . 14.3 7 25.0 25.0 17. 15.1
-O' -L I 0 74.J1. .

--e!C.: - 1.0,1 7.1 2.2 5 21.4 7.1 10.7 .4

1.1 - 2.? 21.4 1.: 10.7 10.7 3.6 7.: !9.2

1 -i.1; - 2.0 ). 3.6 25.0 ... .1 10'. 7 10.7 3.n 3.8

S. 4, . 71.4 67.9 46.4 7 q.,
.- c: , 0- "4. -, 74 417 -, .

- -- 7 , ' 7.1 Ia. 3.6 .6.

-".A0. 7. 0.0 0.0 0.0

-. ).n .. 0.1 3,0.0 0.0 19.2

-. .:' 3.6 0.0 0.0 0.0 3.6 3.6 A

.: -.: 5.) 10.7 ., 10.7 17.9 1'.7 7.1 25,.

2.. - 3.0 0.0 7,: *3.5 3, b 10.7 17.9 3.8

.14." ..6 7.1 17.A 14." 7.7

, & -0..: 10.' 0.) 3.6 0.) 10. 7  7.1.

... 17.9 0. 7.1 ".6 1.

7 :2.- 5.)) '2.9 :0.7 17.7 [4." 42.? 5I Q.

Inl,_s therwise stated

44 Trial cetine indei 4or refractive index and density (see Table ;)

5 2 GEO-CENTERS, INC

r-%
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Table 10

Measure of Predictability of Various Cetane Indices
(Worldwide Sury I Commercial Marine Fuels)

a
Predictability For a 29 Fuel Sr-t

Cere Thins Parameters

2 I Over- Z Under-
" Predicted Predicted Predicte

ASTM 0 976-30 (Mrcdfied AVG.(TTO,T50,TO9, Density 72.6 7.1 14.3

Tr::1 AVGSc.'  T 9,9"1, De.:it 71.4 14.. 14.7

al T- T5:1, Density 71.4 i.3

3S ' 'W TpS D-S 4 , ,TgO, DEnsItY 71.4 i7, 10.7

- o.2 A r is 1..0oI1y . t 71.4.. .
a,%

- ;;Tw.D o70-0 T50, Density 67.9 28.6

Tri Aniline .oint 67.9 14.3 17.9

CoiiPs anJ Unzn! n 1 TS0,. Density 60.7 21.4 17.9

a ;r::an Se er i ;tr E:r C TIOJ50,,90, Density 57.1 10.7 32.:
EAniline Point, Viscosity

T50, Density 5 7- .

SCt~heSt Research nst. Proton type,Densitv,Z Hyzrogen 46.4 42.9 10.7

* Die 1 Inie API rv'ty, An.iline Po4n L6.4 42.9 10.7

P7o 3 73-55 150, Pt Srlv~t/ 39. 53.0 10.7

d
* Sout"4eet R2search 1r5-. Prot:n typa,Densi i,1 Hycrogen 39.3 5.o 7.1

, e

Tria Reiractive Index, Density 53. 17.: 26.?

53 GEO-CENTERS, INC.



Fontsfor Table 10

where:

a
U,, es; ot Erce s2 tated; 28 Fuel set includes 117 NED;a, 7 'M2,and4t.

b
l~rvesnt cua i ofD -310 (see Appe-ndiA B1. 1.1, No.;j)

Frotcon NPIR a';! ions iidLg inteoritzoos oeforell at Soujthqzest Research Institut? Evf

L~erat~; erf:reeiA at NPL us iing SnRs F ree Inducto 2-:;Dt

*2 g0  3*f the -8 4up2 set aentioned in a, abf--,e

INN

54 GEO- CEN TERS, INC.
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Table 11

Reqresslcn Analyses of Cetane Number Vs Cetane Index For Various Cetane Indices
(Worldwide Survey I Commercial Marine Fuels)

2
R Value; For:

pce ,,n rnde , Parameters ----------------------------- -------

a t
2 Fuels 29+S< Fuels

I g"-.r ia's Di stn.Te . Density Eqn TIO,T5O,TqO , Density 0.917 0.75E

c

2c UnizLl!a- E T50, Densty 0.20? 0.744

c
T5"" Dec" .0 0.7375

. C (T I E.;, ,t ) Density 0.S0 .7"

• 7:E ff~.;" AIOJ-0T 0, Density 0.8797 0.73

€ Aniline Point, Visco-,ity
.71

' ' T I0, DOensit'y.,, 0.7

"D ?71. T59, AP' .Sraitly 0.776 0.711

Tr:i! T50, Density 0.765 0.703

- Trn:l niline Pci, 0.737 .7.

-' "":-; ; Ail Po'nt .- Aniiine Point 0.727 0.7)3

.. 4

I -em2 __rct . . Poton typa,ensity,Z Hydrogen 0.710

a

APT Gr;vity, Anilirn. Poirt 0.57 0.6'3

IX

.- 7,:x Refractive [noe;, De%:sty 0.442 ~I

'"

GEO-CENTERS, INC.

1p,



Footnoteas for Table 11

were2:

*A r2Aer; to 9SQ - I:) The :etane no., ot tt a 'ul ma; iucti tufter than icst of the cetanai

7L .i4,-: ~ ., nd ;IMDF;.

.cX ~ ~ 1, :!. 1 ; - . -3

NFLV

* ~~~f ,t :Ct. " o.t ? t



Table2 12

Cetane Index Vs Cetane Number: Regression Analysis and Measure of Predictability

0 (Worldwide Survey I Commercial Marine Fuelsi

2 Measure of I Preiictatilitv
-'-R Values For: For 2.8 Fuels #

Cet n ,e , o !Parioeters-- - - - - - - - - - - - - - - - - - - - - - - - -

Over- Unde r-

I%22 Fuels I Pren~ct Predict Freclict

-~~~~ 1 0~tn Dc: E:i. En: TITC7h 3est . 71.4 17.9 10.7

4' CO.% a PI :1z~a 3n TV, zest a,- 60.7 1.17.9

Etx1Ec;nTD est 0, 30 t3s 3. 14.3

- CD 43. {TI0,70tT971" Densit 0.803 73.i 7.1 14.2

A.E7\.hs t Vi 0.7i99 67.9 3.6

Jz m ffii TxB~d 1C!,T50,'1T90, Desity0.77 5711'7 3.

Tr.xl AYE. (T1I0, T50,T?0. Density e.7c 71.4 14.3 12

T3 :: 50, HAK Gravity 07839.3 50.:) 1 1,.

TOO_.. DeFnsity 0.765 71.4 14., 14.

:1 1 .Epoint0.7 J767.9 11.3 P

3, 7-h4 Ar1nUs n~ I I: Fe Potatn 0.7217 71.4 17.9 j~

soztw=-t Rexxenc 1nSt. I>Pnot!cn type,Density,Z Hyurc.en 0. 700 4A1.1 *2.9 1l0'. 7

AFTC ,5iA i: 3;Ay, An-iliie Point 0.6t7 46.4 42.9 10.7

Tr:x. ': ~ 4 ~ ~ t :Rer~z~e d-, st' -.335 19.2 6

ntv+-t3nr ;er- e it \K Ixr Ew ree InducTt ion Decay d 3ta

III r~t~ N~ nx 1 ex ~~lu: ntegrations performed at SwR!

5 7GEG-C(EN TESS, INC.
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APPENDIX A

List of Symbols

(Symbols listed pertain to those parameters employed in the
formulations of the cetane indices given in Appendix B).

AP Aniline Point in deg C or deg F, as specified (ASTM
% D611)

- CI Cetane Index.

CCI Calculated Cetane Index (ASTM D976).

D Density at 15 deg C, g/mL (ASTM D1298).

G API Gravity, deg API (ASTM D287 or D1298).

* a. H Hydrogen content, wt% (ASTM D3701).

M 50% Distillation temperature * deg F, (ASTM D86)

PCN Predicted Cetane Number.

T10 10% Distillation temperature , deg C (ASTM D86).

T50 50% Distillation temperature * deg C (ASTM D86)

. T90 90% Distillation temperature *, deg C (ASTM D36).

Visc Viscosity: at 40 deg C, cSt, (ASTM D445).

% Distillation Temperature refers to the distillation
temperature of % recovered distillate.

%%

.: E-ETRIC



APPENDIX B: Cetane Indices Formulations

- B1 CETANE INDICES BASED ON PHYSICAL PROPERTIES

B1.1 Indices Which Employ Distillation Temperature(s) and

q Density

B1.1.1 Published Cetane Indices

1. Calculated Cetane Index (CCI)

a) ASTM D976-66 [2a]

*CCI = 0.49083 + 1.06577 X - 0.0010552 X 2

.,- where :

" X = 97.833 log M 2 + 2.2088 G log M

+ 0.01247 G2 - 423.51 log M

- 4.7808 G + 419.59

G = API gravity in deg API.

M = Distillation temperature in deg F of 50%

recovered distillate.

b) ASTM D976-80 [2b]

CCI = 454.74 - 1641.416 D + 774.74 D2

2J. - 0.554 T50 + 97.803 (log T50) 2

where:

D = Density at 15 deg C, g/mL.

T50 = Distillation temperature in deg C of 50%

recovered distillate.

~66
GEO-CENTERS, INC.
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Note: Conversion of API Gravity to Density were made using

the relationship given in ASTM D287 [7], which is:

G = (141.5/sp gr 60/60 F) - 131.5

where density was substituted for specific gravity

2. Ingham et al.'s Four Variable Equation: Proposed

Replacement Equation for D976-80 [10]

PCN = 45.2 + 0.0892*TlON

+ (0.131 + 0.901*B)*T50N

+ (0.0523 - 0.420*B)*T90N

+ 4.90E-4*(TlON 2 - T90N 2 )

+ 107*B + 60.0*B 2

where:

" PCN = Predicted Cetane Number

B = EXP(-3.50 * DN) - 1

DN = (D - 0.850)

T10N = (TON - 215)

4. T50N = (T50 - 260)

T90N = (T90 - 310)

T10, T50, T90 refer to the distillation

temperatures in deg C of 10, 50, and 90% recovered

distillate, respectively.

Note: The suffix, N, of the physical properties

parameters refer to normalization.
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3. Improvement Equations of ASTM D976-80

a) Collins and Unzelman Ecquation [3]

PCN = 21.843 - 0.33924 (CCI) + 0.018669 (CCI)
2

b) Ethyl Equation [11]

PCN = 5.28 + 0.371 (CCI) + 0.0112 (CCI) 2

B1.1.2 Trial Cetane Indices Based on Rectression Analysis of

A '28 Fuels Evaluated in This Study

1. Index Based on Mid-boiling Point and Density

CI = 243.7838 + 0.1640 T50 - 281.401 D

2. Index Based on Average Mid-boiling Point and

I) Density

CI = 254.0107 + 0.1724 T50AV - 296.882 D

where: T50AV = Average (TlO+T50+T90), deg C

68
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*t... . B1.2 Index Which Employs Distillation Temperatures,

-* Density, Aniline Point, and Viscosity

Canadian General Standards Board Cetane Index (CGSB) [12]

CI = 77.7628 + 0.1765 AP + 0.003867 AP
2

- 11.6150 Kc + 0.5844 Kc 2 - 0.6350 Visc

where:

CI = Cetane Index

AP = Aniline Point, deg C

Kc = T10 + T50 + T90 + 820

200 * D2

Visc = Viscosity at 40 deg C in cSt

B1--.3 Indices Which Employ Aniline Point Only

"" B1.3.1 Published Cetane Index

Ingham et al's Aniline Point Equation [10]

PCN = - 0.611 + 45.5*EXP(0.0150*APN)

where: APN = (AP - 60); the suffix, N, refers to

normalization; and aniline point is in deg C

.op

B1.3.2 Trial Cetane Index Based on Regression Analysis of

28 Fuels Evaluated in This Study

CI = 9.48854 + 0.601223 AP
where AP is in deg C
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B .4 Index Which Employs Aniline Point and API Gravity

Diesel Index = G * AP [5]

100

where AP is in deg F

B1.5 Trial Cetane Index Which Employs Refractive Index

and Density

CI = 7200.8 - 4972.20 D2

+1641.04 (RI)2 - (4106.72 * RI/D)

where: RI is the refractive index measured at 25.1

-deg C.

B2 CETANE INDEX BASED ON PROTON NMR COMPOSITIONAL

ANALYSIS

Southwest Research Institute Cetane Index (SwRI) [9]

PCN = 9.49 - 0.0298(D * H * HCH3)

+ 0.0896(D * H * HCH2)

+ 0.000097(D * H * S 2 ) - 0.038(D * H * HALPHA)

where:

H wt% Hydrogen content

HCH3 = % Methyl proton of total number of protons

HCH2 = % Methylene protons of total number of

4protons

S = Sum of % (methyl, methylene, and methine)

protons

HALP" = % Alpha protons (protons immediately

adjacent to an aromatic ring).

.-
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APPENDIX C

*'i Proton Chemical Shift Assignment *

Proton Type Chemical Shift
(ppm, delta)

Alkane Methyl 0.5 - 1.05

. Gamma Methy! 0.5 - 1.05

- Alkane Methylene 1.05 - 1.4

- Beta Methyl 1.05 - 1.4

Gamma Methvlene 1.05 - 1.4

Alkane Methine 1.4 - 2.0
Cycloalkane Methylene 1.4 - 2.0

Beta Methylene 1.4 - 2.0

Alpha Methyl 2.0 - 4.4

Alpha Methylene 2.0 - 4.4

Alpha Methyne 2.0 - 4.4Alpha Methine 2.0 - 4.4

*1 Aromatics 6.2 - 9.2

Dae a [9
I.
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APPENDIX D1

Method of Converting Fractions of Total Carbon Data Derived
A ~~From HPLC Analysis to % Based on Weight

:. 1.i. Fraction of total carbon for a specific class of

scompound was converted to its fractional weight using

the following formula:

• Fractional Weight of Compound Class
Ai m Fraction Total Carbon * [1 + (No. H atoms/Molecular

e\ Wt. of Compound Class)]

' .~2. % Fractional Weight was obtained by normalizing the

fractional weight of the various classes of compounds

to 100
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APPENDIX D2

Cca:s ...... a1 Aays! s c W:r!dwide Survey I Commercial Marine Fuels

Differnces Between Measured and Calculated Values For Saturates and Monocyclic Aromatics *

SATURATES MONOCYCLIC AROMATICS

MEAh. TOTAL CARSON DIFFERENCE * MEAS. TOTAL CARBON DIFFERENCE ***
.FL 1p FRACTION I CAL. WT I (MEAS.- CALC) FRACTION 1 CALC. WI (MEAS.- CL)

.... . "RT 'N C ... A.C WT 1 .= 1.) 0,~h'. C L:

' 69.57 -0.57 0. 1 3 is H.; 18.04

7 S.7 7s40 -0.70 0.103 i0. 10.6 o.14
- 0. 1 6 1) 61.7.6 -0.76 0.2 5 21 !.44 G.

J --" 07 7,.5 75.!4 -0. 4 0.158 15.8 15.52 0.22
'
., 

r .7 63.5 6273 -"... 0.167 16.7 16.53 0. 17

5 C.L .. -L.S 0.364 6.4 36.19 0.21
'4 . 68.2 68.91 -0.7! 0. 9 19.9 19.68 0.22

..15 61.5 62,25 -0,.5 0.246 24.s 2 4.43" 0.17
--. O. 63.7 -0.67 0.196 19.6 19.45 0,15

-6 0.5 - 5. .. . 60. 0a -o. 9 0.20B 28.2 28.69 0.11

0-7 .'; h 68.o 69.12 -0.5 0.220 22.0 21.75 0.2C
- 0.737 7 . 74 .9 - 4" 0.2)0 20. 19., 7...

0 6...3 . 16.5 16.40 0 Cr

7 4 0).1 81 17.64

0G hZO. ,' 0.215 21. 3 21.65 5
77-2. 0 0. 18. 18.1 7.
: - 60. 244 %.24.2

P-7 0.. . 64.78 0. 05. 2 25. 25.55 0.35

-7I 0.7 . 74 -0C 0.192 19.2 1.2 5
6 67.25 -0 7l 0. 2, 9 20.9 20.86 .,

-:06 6y.5 63.2 3 04 2S . 2.2 0.28
77" "!1 0 ;q

- 0.4a2 64-2 64- 0.202 20.: 0.3
"-. 2 . 4 -0.1 0.12? 13.9 19.75 07.5

-... 6. 0. -4.2 64.?3 0.213 21.3 21.15 0.1

"-:" AC.( C'7 ...... 4 ~ ~ '9

'- . . .. . 0, 9.4 i .. 0

-a' ;r - i 4 a a :11a1ra,. v. Dcr2 a V Yrc:n P Faytcn-ic i.nst ,i:AKb. ,,.
r.. . . :2 a, ;.2 rat:1 i Sp e2r 0.r 0a,2e2 C I 2 2ra e:, The c2ai:1! at2 a! iec

or t:. . , a: th as r: .alu s 1: pit. '11.
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APPENDIX D2 (Cont'd)

Coipos:tional Anaysi: o; 4crldwide Survey I Commercial Marine Fuels

Di;ferences Bet.een Measured and Calculated Values For Dicyclic Aromatics and Fluorenes I

DICYCLIC ARCMTICS FLUCRENEB

MEAE.TC.AL ARBCN DIFERENCE ** MEAS. TOTAL CAREEN DIFFERENCE it#N£LMAS TOTA CARB .....
N. , FA ,TIDN I CAL. WT.. (MIEAS.- CALC) FRACTION i CALC. WT.! (MEAE.- CALC)

:-,7 0.0% 9g. 3.92 0.:8 0.02? 2, 2.77 0.13
-- . . 8. 0.2 0.0377 54 0.16

7 " ' ... .. 0.0 0.,11 .1 1 . :-'4 0.06
0272-r- '' * ". 1" , " 11.69 0.41. 0.)42 4.2 a . .* 0.20

i))" 7. -1 7 0
67-, 0.7: 7._ 7I0 0.0 1.42 0.02

ip 3 .'. C, I.01 1.6 1.5 2 028
- - .2 0. 121 . 2.00 0.1.0a. . -. 2._ 2.47 0.3 0.028 2.8 2.66 0.14

34 9. . 0.-7 0. i1:0 3.0 2.' s'. 14

3i-i, 7.74 0.76 0.2t 2.1 2.0 0 '.",m' P -TP, o C , 8.7, L.4') " ' .0 ... .. -, 4 1 .1".2 2 . 4 6 n . 4

-7". . 0.0!4 1.4 1.3: 0.2

2") * 3.029).9 22 0: ;
* 3-1 ' '2.1,.3a7 0.027 1.3 .22...

-- 0.520.027 .~2. 0.1
-,. *7. 0.,0 0.02.7 0.14

.2017 1.7 1.62 0.0

7- . ' 7.1 6.7 0.2': 0.002 0.3 0.77 0.03

4t 14,c 47 C 0.563 0.01 1.6 1.17.3 c) B. ll. -h 74

7-. 312 122 .0.70 0.024 2.4 0. 0.,2
,-, 0.:8 :7., I1,.8 022]8 0.,01 3. 3.37 , 0.,3

'-44

°.-. -0 :.r 0,: :rF 6. 0 .02i :a j .0 1.4T a": va , ';

•. . -: .he, .;Eu22..k .s t w

G C 0E S IN,

2. H

- -4 - - - -A.. .;..)... 1,77-. - " -' 7v) 'Ilet t 1.! J. '.7

) " ::.r : a '. : jr. , ... a : :it=-a t e :61a , n ]era a i , r , i a n a PC yt E h,:i: Ir ti t , S. ,, u., .. .. 2 ',VA. ,

-, i ir .r_ 2r,-, ': i:, cca~s te-r . 1au : on a, 37 1.s h
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APPENDIX D2 (Cont'd)

Cocjpsitional Analysis of Worldw:de Survey I Comercial Marine Fuels

,...erences Be..een Measured and Calculated Values For Phenanthrene; 4

,- , , p.p PHENN ..HREE

MES. T0"AL CAR.. DIFFERENCE *I
NF- ID FRACTIDN % CALD. WT.Z (MEAS.- CALC)

0.016 1.6 1.52 O.,,
-- O) 0.2 0.29 0.01

r4"  2"-52 0.012 , ,100

N' -, O. 00 0.6 0. 56 0.04
8-6 0. cli 1.4 1.32 0.09

2 .0 ' 0.0 0.0 0.04

:9 :- 1- ,' ' 0.3 0.29 0.01
'-1 071 1.5 1.43 007

C 8 9 0.1 1.5 1.43 0.07
0 .-. 3-6 0.0 0.1 0.00 0.10

6 7 0 0.4 0.32 0.02
S3- 1 .K 0.2 0.19 0.

%",-2 0.00 0.6 0.7 0.

.r." 3 -2 01. 1,1 1. 0.0
1. .,) 1.1 12 0

8--7 p. 0 0.:) 0. 00 0 .0
K76.6 0.6 0.52 0.07

0. 0.0. 1 .0.0.9

i aa 0 . . 10 1.5 0.i

83-221 0.)17 1.7 1.61 0.0?

8-7 .00 0 .0 0.00 0. 0,t4-: O.0." 0.1 0 . tO 0.0

2-75 0- 1.7 1.23 0.07
4' O : r ) 0 .0 0).0O0 0. 00

I E-2 0.0! 1.6 1.52 0.029

-3-2O 0>. 2.5 2.40 0.10
c3:Oo:0 O.: 0 .29 0. 01

,., 0,,, .513 1.3 1 .24 0.06

-.,1.1 0.0 ,

S

N eare: ia-lus are the anattical data :bt ',e. by T-or, at al, Vircira Po!vtechb,:c
~- C T-,

C. Int:t.....e, Ia.=., ., usir.; 1:qu : hroaataraaad!,r-tc, NMR .pct.-ratr
1'1" averae :cs:c-.t:ra. ara: is:;. The .:alc::,l ie iilce; are the -on~er3i n ct the

* easured v3us t,: ot t see psper0. Dl or cr.veraiv n ;ehd)

' .. ....j it cn I te pre-,ce f : phenan..hren; is ,.04

,','

r. 7
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APPENDIX E
Determination of the Reproducibility of the SwRI Cetane Index

Based on Integrations Perioried at NRL and at SwRI Using SwRI FiDs

I Proton Type +i
,. 2 CETNE DIFFERENCE

NFL iD * CET E NC, CH3 CH2 CH ALPHA AROMATICS (CH+CH2'CH3 INDEX N;L - SwRi

(ASTM 2613) (Z2 (SitR1 (SwNI CI)

.......L.5.. 28.23 53.:) 8. ,_6.16 4.109 60.4 4.:

..- 5, 2.4 53. 7.95 6. 4. I. 0!8 466.

K-SL,5 2.13 50.7'. 8.c5 740 4.33 777.3 54 .3
83-3W 56.5 30.27 50.00 8.10 7.54 4.i9 7791.5 53.4

-" ' ..... .2,,47 ' 6.51
3,:-,5t 552, 2947 54. 6r4 .6- 4.36 3"'..45 60.5 1.4-]-153 55.2__28,53 5.53 6,64 . 6.22 4.99'. 75, 59.

. .. ,, 2b 2 51. 8 9.52 7.70 4.56 769.31 53.
33 --:, 51, 27.75 51.45 8.57 7.51 4.62 7721.14

54.5 31.23 42.77 9M1 5.23 831 52.7 0.
•]- :. 54.: 30".4'1 48.22 1 0.41 6.0 4.93 -- 1 52.')

42.23 51.29 7.5, 8.15 6.19 3S 1.7

. - 2'..46 50.1 7.16 8 715 e ',,-,I). .. " 7..7 50,1 M '

So.73 52.00 9.76 7 IU..4 *.Y 0.5

3-254 53.3 26.94 51.67 9.44 7.50 4.44 7752.3c; 5 5

53-:N 529.73 48.94 9.42 6.93 4 9 759.35 53.3 0.5w 3--Ew 52 - 30.25 43." 9.24 7.07 4.39 77C 4 53.3

F,.L.. 26.33 43, .7P B,i, e4, 6.91 5..5 731 . .o 0.

2" 52 .. 2.77 49.4, 8.2 9.04 5.49 735" 53.:

63-5K 52,4 31. 33 46. '  10.s6 6.47 4. 0 L9c9.51 5[.o 0.3

33-KSA 52.' 32.22 46.56 10.32 7.14 3.70 794P.5, 5.1

.- 7V_ 5.. 2.9- 50.69 1.2 6.24 4.71 757J.44 57. 0.
,3-753A 52.! 26. 9 50.72 10.72 3 44 7661 .5

S* 'the: T... :" , NF', identiies the nteqration data obtained at NIL.
This dat,; is based on the averaqe of tripjicate integrat:ons.

p. he suifix, S, idertifies the inteqratin data obtained at SNR1.

ft Rei at .ve "a the total number if protons.
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APPENDIX E (Cont'd)

Determination of the Reproducibility of the SwRI Cetane Index

Based on Integrations Performed at NRL and at SiRi Using SwRi FINs

I Proton Type f*
--- 2 CETANE DIFFERENCE

NISL ID CET',' NO. CH3 CH2 CH ALPHA APOATICn (CH+CH2+CHt) INDE" NRL - SwRI

(ATM 2 613) (Q) (SwRI) (SwRI CI)

._,,h 52.1 25.7 5i.)7 8.:. 8.64 6.93 7131 56.0 0.5:-6-i 52.'7! 75 6 1" 971) 1 C6.i ,
"? . .... 6.71, 7079,5 55.5

27 .- 35 51 31. ,  
47.37 1021 . 4. 4 022.72 5. 0.7"4 0.' il. 5.7 8 5 .

.5-.,,O32.67 4.29 10. .., 4.67 8020.P9 52.

no '..2 3 4. 47.3 .3 7653.50 50.4 -0.2

...-z :0' ..... 56 ,,C, 5.1 ,775 ... .
f" 45.56 1 ." 6.75 5.,26 j

•--..-,,, 5071.2 46.5 11.82 6.2 4.20 8024.53 52.5 -0.4

a7-31_4 50.- 31.74 46.35 11.74 6.05 4.03 8087.40 52.0

27.44 46.43 10).3 9.04 6.,73 70...0
.3- A 45.324.70 46.3 9.25 8.95 6.79 70 7 49.2

.4.3 30.q 44.53. 11.4 7.29 5.20 765. ) 4. 1.
..3-,_w 43.2 44.06 11.5 8.16753.98... S.! 5.01 73 48.11

48,7 34,54 43.34 11.75 6.19 4.09 8051.47 48.1 1.0
8-3GS 48.7 34,9 42.63 1.1 7.01 4.04 7901.43 47.1

i7-%NK 43.7 28.13 47.63 10.?5 2.05 5.23 7518.52 52.6 .u 8>-SW 420.7 2.31 47.4,' 10.17 8.23 5.3 7471.37 52.1

_48.5 27 '1 46.11 1 , 9.10 5 722.92 0.9
-7" ' 9.718°  ? ,

28.92 4,5. :2 10.00 9.71 5.29 72250 49.7
,'

3 -:'4L 47.P 337. 6.0 42.42 12.51 7. 14 4.23 7355.28 47.0 1.1
S:-3IS4 47.3 33.53 41.75 12.75 7.75 4.25 7744.00 4..

H

-s 4-) 471) 7 7 45.?' 9.323 .2 . 742'). '0 49. I,
47.7 44. 9 .30 5.32 7202. 9 2 4S.1,

I '~ote:...e n.NR L ion iata obtainen It N'L.
- ; 'a s aase: 0, the aeroe of triolicate r..tesr;tions.

O.. deties the irte :rit:on Jati Dbtaineo at SwF:.

* ff:. .ie to the tta, lter of rc',torn.

.,-
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APPENDIX E (Cont'd)

Determination of the Reproducibility of the SwRI Cetane Index

Based on Integrations Performed at NRL and at SuRI Using SwRI FIDs

,

I Proton Type f'
---------------------------------------------. 2 CETANE DIFFERENCE

NRL ID ' CETANE NO. CH3 CH2 CH ALPHA AROMATICS (CH+CH2+CH3) INDEX NRL - SuRE

(ASTM D613) (X (SwRI) (SwRI CI)

85-Z4NRL 11 7.1 34.5 45.47 1 0 3.94 8224.68 50.2 0.0
83-34S 47.3 33.65 45.59 11.22 6.2! 3.4 8, 11. 2 50.2

9 7 3-7 ,, 47.: *. . 42.52 14.09 7.22 3.57 7960.21 47.9 1.2

47.1 33.75 41.31 13.10 7.30 4.03 7360.60 46.7

. 46.3 36.52 32.55 16.59? 974 4.60 7337.64 33.4 0.9

S3-.,0S 45.3 36.3 315 16.3 10.13 4.6 7257.34 32.5

8-1.63. .. 7 21.45 46.75 4.18 13.93 11.70 55 ..2.. 43 ,.9 -1.0

6 45.7 21.26 49.41 4.3J 13.29 11.71 5 -'3.0. 49.?

3'-2JR 4:. 25.43 45.25 9.30 11.95 7.77 6412.31 4. 1.2

. _3-' 4>5 25.57 44.54 9.20 12.36 3 0.08 43.1

.. . '42.3 2- f5 D " 41 71 9 75 11.i 9.6 47. -O.

4-3 ,.. 9. 1.10 9 .14 - .O . 8 3 47 .r.- .._ 4t.7,' 14.34 9.17 12.54 9.43 6030.33 47.4

33-I_ 4f). '53 32. 75 17.17 9.2& 4.31 7473.6, 34.6 0.9
85-114 4'.? 3~41 2.41 15.831 9.05 4.27 7:.23.

-9N,- 54.3RL 33:2 51.25 9.7 4.39 7857.05 57.7 0.1

8-94 545 2E 4q 5!.28 9 .2 7.12 3.99 7301.43 57.-

5-.2 29.7 9.q3 8 .02 4.95 752.70 53.1 0..

7, S5.? 29.33, 43.68. 9.00 8.21 4.09 753 24 52.3

2, " -7.7 0( 45.73 12.93 6.34 5.25 74:5.69 51.0

3-. .. 3

3, S-7% 4.,5 2.,93 45.55'. 13.50 9.01 5.33 735.73 49.7

I

23 II.".13 -2 " 46, 9.'.7 8.06 4.55 7640.51 45.7

* " t', .... ..' .. N L, : -: : . - the :nt rain data obti:ned at NFL.

T:;a is tase:" o7 *!-e i ra.e :;f 'tr" plc;te :r.tegr;tior,3.

,. .... .:.;t .r;t:on data obtained at SwR!.

- . if Pelat ,e to the total nuster of prcton;.
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